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INTBODUCTIDN

Most o f  th e  m olecular v ib ra t io n a l  freq uencies  o f compounds 

c o n s is tin g  o f  a  long methylene chain  te rm ina ted  by s in g le  atoms o r  small 

groups o f atoms may be expected to  be c h a r a c te r is t ic  o f th e  chain  and 

f a i r l y  independent o f  th e  end groups. S ince th e se  compounds have a 

g re a t  d e a l o f  p r a c t ic a l  im portance, t h e i r  v ib ra t io n a l  sp ec tra  have been 

th e  su b je c ts  o f numerous in v e s t ig a tio n s . For no confound o f  t h i s  ty p e , 

however, have a l l  fundam ental v ib ra t io n a l  freq u en cies  been assigned  w ith  

c e r ta in ty .

The com plexity o f th e  sp ec tra  make t h e i r  in te r p r e ta t io n  very 

d i f f i c u l t .  In  th e  l iq u id  phase, th e  m olecules a re  g en e ra lly  ben t o r 

c u r le d . Since each conform ation i s  a d i f f e r e n t  m echanical system, th e  

number o f v ib ra t io n a l  freq u en cies  i s  extrem ely la rg e . In  th e  c ry s ta l l in e  

phase th e  chains a re  extended and only one conform ation i s  p re sen t.

Even in  t h i s  phase, however, because o f th e  s iz e  o f  th e  m olecules, th e  

number o f  fundamental v ib ra tio n s  i s  very la rg e .

The in te r p r e ta t io n  o f  th e  sp ec tra  has been aided  g re a tly  by many 

a tte m p ts  to  c a lc u la te  th e  v ib ra tio n a l freq u en c ies  o f  n -p a ra ff in s  and 

i n f i n i t e  polymethylene ch a in s . In  most o f t h i s  work only th e  extended 

conform ation was t r e a te d .

Because o f th e  re g u la r  s tru c tu re  o f  th e  extended chain , th e  

v ib ra t io n a l  problem resem bles th a t  o f  a l in e a r  ch a in  o f  coupled harmonic
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o s c i l l a to r s .  The v ib ra tio n s  o f  th e  chain  can be separa ted  in to  s e t s ,  

each o f  which i s  a sso c ia te d  w ith  a  c h a r a c te r i s t ic  motion o f  a  m ethylene 

group. I f  th e re  a re  N such groups, th e re  w i l l  be approxim ately N v ib ra 

tio n s  in  each s e t .  The frequency d is t r ib u t io n  and frequency range should 

be independent o f  N, provided M i s  s u f f ic ie n t ly  la rg e .  While th e  theo

r e t i c a l  work has not le d  to  accu ra te  values o f  th e  freq u en c ies , i t  has 

p red ic ted  more o r  le s s  r e l i a b ly  th e  frequency ranges fo r  th e  d i f f e r e n t  

types o f  v ib ra tio n s  and in  a  g en era l way th e  d is t r ib u t io n  o f  th e  frequen

c ie s  w ith in  th e se  ranges.

By comparing th e  sp e c tra  o f  c r y s ta ls  o f  a  s e r ie s  o f  homologous 

coaqpounds w ith  d if f e r e n t  chain  len g th s  i t  has been p o ssib le  to  c o r re la te  

many o f  th e  bands in to  s e t s  a r is in g  from s im ila r  methylene v ib ra t io n s .  

However, s in ce  th e  freq u en c ies  o f  some o f  th e se  s e ts  o v e rlap , th e  a s 

signments made have been b e se t w ith  u n c e r ta in t ie s .

From th e  m olecular and c ry s ta l  sy v ae try , th e  d ire c t io n s  o f  th e  

changes in  d ip o le  moment a sso c ia te d  w ith  th e  in f ra re d -a c t iv e  fundam ental 

v ib ra t io n s  may be p re d ic te d . O bservations o f  th e  ab so rp tio n  o f  l in e a r ly  

p o la riz ed  in f ra re d  r a d ia t io n  by o rien ted  Or s in g le  c r y s ta l l in e  sanqiles 

have made i t  p o ssib le  i n  some cases to  check th e se  p re d ic tio n s  and th u s  

v e r ify  assignm ents.

When th e  methylene chains a re  extrem ely  long th e  v ib ra t io n a l  

sp ec tra  a re  sim pler. Not only  do th e  end groups c o n trib u te  l e s s  to  th e  

sp e c tra , b u t th e  various s e ts  o f  methylene v ib ra t io n s  a re  rep re sen ted  

by on ly  two o f th e i r  meigbers. The study o f th e  h igh ly  c r y s ta l l in e  p o ly - 

e th y len es , which have become a v a ila b le  during  th e  l a s t  f iv e  y e a r s ,  has 

been a  g re a t he lp  in  th e  in te rp re ta t io n  o f  th e  sp ec tra  o f  conqpounds w ith
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ch ain s  o f  moderate le n g th .

The p resen t work i s  a  co n tin u a tio n  o f  an ex ten s iv e  in v e s t ig a tio n  

o f  th e  v ib ra t io n a l  sp ec tra  o f  po lyethy lenes and r e la te d  substances 

c a r r ie d  ou t in  t h i s  la b o ra to ry  by N ielsen  and W ooU ett.^  In  p a r t ic u la r ,  

N ie lsen  and W ooUett ob ta ined  th e  Raman spectrum o f  c r y s ta l l in e  l in e a r  

po lyethy lene  and in te rp re te d  most o f  th e  weak in f ra re d  bands o f poly

e th y len e  a s  l in e a r  com binations o f a  Raman-active and an  in f ra re d -a c t iv e  

fundam ental.

The e a r l i e s t  p a r t o f  th e  p re sen t work was devoted to  th e  problem 

o f  determ ining th e  in f r a r e d -a c tiv e  methylene wagging and tw is tin g  funda

m entals o f  c r y s ta l l in e  po lye thy lene . Since th e  r e s u l t s  have a lread y  

been p u b lish ed ,^  th ey  w i l l  be mentioned only b r i e f ly .

The next p a r t  o f  th e  p re sen t work was a study o f  th e  dichroism  

o f th e  in f ra re d  bands o f  o r ie n te d  l in e a r  po lye thy lene . The in form ation  

ob ta ined  was used to  t e s t  and re v is e  th e  in te rp re ta t io n s  o f  th e  many 

weak in f ra re d  bands o f  t h i s  polymer. The r e s u l t s  appear in  th e  c u rren t 

is su e  o f  th e  Journa l o f  M olecular Spectroscopy and w i l l  th e re fo re  not 

be p resen ted  h e re .3

The th i r d  p a r t  o f  th e  p resen t work has been devoted to  a  s tudy , 

w ith  p o la rized  ra d ia t io n , o f  th e  in f ra re d  sp ec tra  o f  s in g le  c ry s ta ls  o f  

c e r ta in  long-cha in  n -p a ra f f in s  and o f  sev e ra l polymorphs o f s te a r ic  a c id . 

The r e s u l t s  o f  t h i s  work w i l l  be p resen ted  in  th e  fo llow ing  ch ap te rs .

^ J .  Rud N ielsen and A. H. W o o lle tt, J .  Chem. Phys. 26, 1391 (1957).

2 j .  Rud N ielsen and R. F . H olland, J .  Mol. Spectroscopy ^  488 ( i9 6 0 ) .

^ J .  Rud N ielsen and R. F . Holland, J .  Mol. Spectroscopy 6 , 394 ( l9 6 l ) .



THE INFRARED SPECTRA OF SINGLE CRYSTALS OF 

COMPOUNDS WITH LONG METHYLENE CHAINS

CHAPTER I

PREVIOUS WORK ON THE CRYSTAL STRUCTURE AND 

VIBRATIONAL SPECTRA OF COMPOUNDS WITH 

LONG METHYLENE CHAINS

C ry s ta l S tru c tu re  

C ry s ta ls  o f  congx)unds w ith  long methylene chains have a  r e 

markable v a r ie ty  o f  s t ru c tu re s .  Though most homologous s e r ie s  o f  th e se  

coi^ounds have s im ila r  c r y s ta l  form s, th e  s ta b le  s tru c tu re  may d i f f e r  

f o r  d i f f e r e n t  ranges o f  th e  chain  le n g th , and a  p a r t ic u la r  compound 

u su a lly  has se v e ra l polymorphic fo m s . The n -p a ra f f in s  and n - f a t ty  

a c id s  provide in te r e s t in g  examples.

C ry s ta ls  o f  n -p a ra f f in s  having hexagonal, orthorhom bic, mono

c l in i c ,  and t r i c l i n i c  s tru c tu re  have been observed .^  The hexagonal 

s tru c tu re  seems to  be p o ss ib le  fo r  a  wide range o f chain  le n g th s , b u t 

occurs only above a  t r a n s i t io n  tem perature a  few degrees below th e  

m elting  p o in t. The t r a n s i t io n  tem perature approaches th e  m elting  p o in t 

f o r  v e iy  sh o rt and very  long ch a in s .^  Below t h i s  tenqperature, n -p a ra f f in s

^V. D an iel, Adv. in  Phys. g ,  450 (1953).

5w. M. Mazee, Rec. T rav. Chim. Pays-Bas 197 (1948).
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w ith  an odd number o f  carbon atoms in v a ria b ly  have an orthorhon4>ic 

form. The n -p a ra ff in s  w ith an even number o f  carbon atom s, idien pure,

c r y s ta l l i z e  in  a t r i c l i n i c  form lAen th e  chains a re  s h o r te r  than  tw enty-
A *7 8 6e ig h t carbon atoms * but a re  m onoclinic fo r  longer c h a in s , '  a t  l e a s t

up to  fo r ty - s ix  carbon atom s. Some long even-numbered chains have 

been observed to  tak e  an orthorhom bic fo rm , 9 and th e  s h o r te r  chains can 

a lso  assume an orthorhom bic form i f  they  con ta in  enough o f th e  neigh

b oring  homologues.7

As in  th e  case o f  th e  n -p a ra f f in s , th e  s tru c tu re s  o f  c ry s ta ls  

o f  th e  n - f a t ty  a c id s  a re  d i f f e r e n t  fo r  chains w ith even and odd numbers 

o f  carbon atoms. Two m onoclinic and two t r i c l i n i c  forms o f  the  even- 

numbered a c id s  a re  commonly k n o w n . I n  th e  p re sen t work, evidence fo r  

a  th i r d  m onoclinic form w i l l  be p re sen ted , and i t  w i l l  be shown th a t  a t  

l e a s t  two o f th e  n - f a t ty  a c id s  can assume fo u r o f  th e  f iv e  forms.

In  s p i te  o f t h i s  s t r u c tu r a l  v a r ie ty , c iy s ta l s  o f  th ese  and o th e r  

compounds w ith  long methylene chains have sev e ra l common fe a tu re s .

X-ray de term ina tions o f  s tru c tu re  have shown th a t  in  c r y s ta ls ,  th e  m ethyl

ene chains u su a lly  assume a  co n fig u ra tio n  in  which a l te r n a te  carbon 

atoms l i e  along p a r a l le l  s t r a ig h t  l i n e s ,  so th a t  th e  carbon skele ton  

forms a p lan a r z ig - z a g .^  The hydrogen atoms o f th e  methylene groups

^A. E. Smith, J .  Chem. Phys. 21, 2229 (1953).

^A. M uller and K. Lonsdale, Acta C ry st. 1 , 129 (1948).

8h. M. M, Shearer and V. Vand, Acta C iy st. 2» 379 (1956).

^P, W, T eare, Acta C ry s t. 12, 294 (1959).

von Sydow, Arkiv Kemi £ , 231 (1956).

^ A .  M uller, Proc. Roy. Soc. (London) A, 120. 437 (1928).
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a re  q m m etrlca lly  placed w ith  re sp ec t to  th e  s k e le ta l  p lan e , and a l l  

In terbond ang les approxim ate th e  te t r a h e d r a l  a n g le s .

The synmetry o f an i n f i n i t e  extended chain  can be described  Iqr 

a  one-dim ensional space group o r l in e  group. Tobin has shown th a t  

th e  f a c to r  group g iv in g  th e  aymnetry o f a  rep ea t u n i t ,  -CH2-CH2- ,  i s  

isomorphic to  the  p o in t group V^. The gynmetry o f  a  f i n i t e  segment o f 

th e  chain  i s  o r C2y , depending on whether th e  number o f  CHg groups 

i s  even o r  odd.

The qrmmetry o f  a  molecule depends on th e  end groups. I t  i s  

u su a lly  assumed th a t  in  th e  c r y s ta l l in e  phase th e  n -p a ra f f in s  have 

synmetry Cgjj o r C2y fo r  even- o r odd-numbered ch a in s , re sp e c tiv e ly .^ ^

A s in g le  molecule o f a n - f a t ty  a c id  in  th e  c r y s ta l l in e  phase has no 

s t r i c t  synanetry. In  some cases, however, th e  atoms o f  th e  carboxyl 

group a re  only s l ig h t ly  d isp laced  from th e  s k e le ta l  p lane o f  th e  

chain , ̂  so th a t  th e  molecule has approxim ately th e  symmetry Cg.

Pure compounds w ith l in e a r  methylene chains g e n e ra lly  c r y s ta l 

l i z e  in  plane la y e rs  w ith th e  end groups a t  th e  su rface s  o f  th e  la y e r s .  

With some exceptions (crossed -cha in  soaps^^), th e  axes o f  th e  methylene 

chains a re  p a r a l le l .^  The r e la t iv e  o r ie n ta t io n  o f  th e  methylene groups 

in  ad jacen t chains u su a lly  conforms to  one o f th re e  conmon types o f

^M . C. Tobin, J .  Chem. Phys. 22, 891 (1955).

K. Brown, N. Sheppard, and D. M. Simpson, Trans. Roy. Soc. 
(London) A, 2^2» 35 (1954).

^ V . Vand, W. M. Morlsy, and T. R. Lomer, Acta C ry st. 4 » 324 (I95l)«

15v. Vand, T. R. Lomer, and A. Lang, Acta C ry s t. 2 , 214 (1949).
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chain  packing. The chain packing may be c h a ra c te r is e d  by what would be 

th e  u n i t  c e l l  i f  th e  chain le n g th  were i n f i n i t e .  Such a  u n it  c e l l  w i l l  

be c a lle d  a  su b ce ll o f th e  c r y s ta l .

The t r i c l i n i c  su b ce ll rep resen ted  in  F ig . 1-1  was f i r s t  observed 

by Vand and B e l l ^  in  c ry s ta ls  o f  th e  g ly c e ro l e s te r  o f  la u r ic  a c id  

( t r i l a u r i n ) .  I t  i s  thought to  be c h a r a c te r is t ic  o f th e  t r i c l i n i c  form 

o f  th e  even-numbered n -p a ra f f in s , and has been observed in  t r i c l i n i c  

c r y s ta l s  o f th e  n -ca rb o sy lic  a c i d s . O n e  methylene ch a in  passes through 

th e  s u b c e ll ,  which in c lu d es  two a d jacen t CH2 groups o f  th e  chain . The 

t r i c l i n i c  su b ce ll has an in v e rs io n  c e n te r . ~

The orthorhombic su b ce ll shown in  F ig . 1 -2  was f i r s t  observed 

by M uller fo r  orthorhom bic c ry s ta ls  o f  0- 029^ 60.^ ^  I t  has since been 

observed in  many o th e r  c r y s ta l s ,  in c lu d in g  th e  orthorhom bic? and mono- 

c lin ic®  forms o f  th e  even-numbered n -p a ra f f in s ,  and th e  B and C ^  

forms o f  th e  n - f a t ty  a c id s .  Two ch a in s , o rie n te d  so th a t  th e  s k e le ta l  

p lan es  a re  n ea rly  p e rp en d icu la r, pass through th e  s u b c e ll .  I t  in c lu d es  

two methylene groups o f  each ch ain .

Bunn^? has found th a t  th e  u n i t  c e l l  o f an  id e a l  polyethylene 

c r y s ta l  i s  e s s e n t ia l ly  id e n t ic a l  to  th e  orthorhombic su b c e ll  o f  th e  

n -p a ra f f in s .  The f a c to r  group o f  th e  space group o f  c r y s ta l l in e  poly

e th y len e  Wiich d e sc rib e s  th e  synanetxy o f  th i s  u n i t  c e l l  i s  isomorphic 

to  th e  po in t group Vjj.

The th i r d  conmon type o f  chain  packing i s  th a t  c h a r a c te r is t ic

I 6v . Vand and I .  P. B e l l ,  Acta C ryst. 4 ,  A65 (1951).

17c. Bunn, Trans. Faraday Soc. 21» 462 (1939).



P ro je c tio n  Along th e  b -a x is

Side Packing o f th e  Methylene Chains

S ubce ll ^
Dimensions: ag = 4 .287, bg -  $ .40 , Cg = 2.45 A

a s  = 74° 2 5 ',  ^  g = 108° 2 ' ,  = 117° 24*

F ig . 1 -1  The T r ic l in ic  Subcell



P ro jec tio n  Along th e  C g -ax L e

ag -  7.42 bg = 4.96 Cg = 2.54 A

F ig . 1-2  The Orthorhombic Subcell
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o f th e  hexagonal form o f th e  n -p a ra f f in s .^  Abrahamsson and F isch m eiste r 

have d escribed  two le s s  comnon orthorhombic su b ce lls  observed in  c ry s 

t a l s  o f  monometbyloctadecanoic a c id s . No c ry s ta ls  having th e se  ty p es  

o f packing w i l l  be tre a te d  in  th e  p resen t work.

The o r ie n ta tio n  o f th e  m olecular chains w ith in  a la y e r  i s  only 

p a r tly  determ ined by th e  chain packing. For in s ta n ce , both th e  o rth o 

rhombic and th e  m onoclinic forms o f  th e  n -p a ra ff in s  have th e  orthorhonfcic 

su b c e ll . In  th e  orthorhombic form, th e  chain  axes a re  normal to  th e  

su rface  o f th e  la y e r , w hile in  th e  m onoclinic form the  chains a re  t i l t e d  

w ith re sp e c t to  th i s  su rfa ce .

The s tru c tu re  o f  orthorhombic has been determ ined by

T e a r e .9 The u n it  c e l l ,  shown in  F ig . 1 -3 , extends through two m olecular 

la y e rs  and in c lu d es  fo u r m olecules. The u n i t  c e l l  group i s  isomorphic 

to  th e  po in t group C2y»

The s tru c tu re  o f monoclinic n-C^gHy^ has been determined by 

Shearer and Vand.® The u n it  c e l l ,  shown in  F ig . 1 -4 , inc lu d es  two 

m olecules. The u n it  c e l l  group i s  isom orphic to  the  p o in t group Cy^.

For none o f th e  t r i c l i n i c  n -p a ra f f in s  has th e  d e ta i le d  s tru c tu re  

been determ ined. However, th e  u n it  c e l l  dimensions o f t r i c l i n i c  

n-CigH^g have been determined by M uller and L o n s d a l e .? They a re  a s  

fo llow s:

a  = 4.28Â, b = 4.82Â, c = 23.07Â 

^  = 91** 6 \  ^  = 92° 4 ' ,  Ï  = 107°  18*.

There i s  one m olecule per u n it  c e l l  and th e  chains a re  thought to  have

^®S. Abrahamsson and I .  F ischm eiste r, Arkiv Kemi 1^, 57 (1959).



11
<x

P ro jec tio n  Along 
th e  a -a x le

P ro jec tio n  Along 
th e  b -a x is

Boundary o f  th e  
M olecular Layers

\

a = 7 .42  A 

b = 4.96 

c = 95.14

P ro jec tio n  Along th e  c -a x is

Fig. 1-3 Unit Cell of Orthorhombic
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<x

b -  5 .57 

c -  48.35

^  -  119° 6

P ro jec tio n  Along 
th e  b -a x is

P ro jec tio n  Along th e  a -a x is

Fig. 1-4 The Unit Cell of Monoclinic
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th e  t r l c l l n l c  packing . The u n i t  c e l l  group le  C^.

The c r y s ta l  s tru c tu re  o f  th e  m onocllnlc C-form o f  la u r ic  a c id ,

CH (̂CH2 )]̂ oOOOH, has been determ ined by Vand, H brley, and L o m er.^  The 

u n it  c e l l ,  rep re sen ted  in  P ig . 1 -5 , Includes fo u r m olecules, two In  

each o f  two a d jac e n t m olecular la y e r s .  The m olecules a re  p a ired  In 

dim ers, w ith hydrogen bonding between th e  hydros^l hydrogen and th e  

carbonyl oxygen atom s. The carboxyl carbon l i e s  approxim ately  In  the  

plane o f  th e  carbon sk e le to n , and th e  oxygen atoms a re  d isp laced  only 

s l ig h t ly  from t h i s  p la n e . The " r in g "  formed by th e  two carbojgrl groups 

In  a  dimer I s  e s s e n t ia l ly  p la n a r , and th e  s k e le ta l  p lan es  o f  th e  two 

chains in  a dim er a re  p a r a l l e l .  The chains have th e  orthorhom bic pack

ing and th e  u n i t  c e l l  group I s  Isomorphic to  €2^ .

The s t ru c tu re  o f  th e  m onoclinic B-form o f s te a r ic  a c id ,

CH^(CH2)i6000H, has been determ ined In  p a r t by von Sydow.^® The pro

je c t io n  o f  th e  u n i t  c e l l  along one o f  i t s  axes i s  shown in  F ig . 1 -6 .

The u n i t  c e l l  in c lu d es  fo u r m olecules, th a t  i s ,  two d im ers. The chains 

have th e  orthorhom bic packing. The chain  s k e le ta l  p lanes in  a dimer a re  

p a r a l le l ;  however, in  t h i s  case th e  carboxyl carbon does no t l i e  in  the  

s k e le ta l  p lan e . The carboxyl r in g  has an in v e rs io n  c e n te r  and i s  possib ly  

p la n a r , however, th e  o r ie n ta t io n  o f  th e  carboxyl groups w ith  re sp ec t to  

each o th e r  and th e  s k e le ta l  p lane i s  not c e r ta in .  This u n i t  c e l l  group 

i s  again  isom orphic to

Two t r i c l i n i c  fomus o f  even-numbered n - f a t ty  a c id s  have been 

re p o rte d . One, o r ig in a l ly  d esig n a ted  th e  A-form by F ran c is , P ip e r, 

and M a l k i n , was d is tin g u ish e d  from th e  o th e r c r y s ta l  forms by i t s

19f .  F ra n c is , S. H. P ip e r , and T. M alkin, P roc. Roy, Soc. (London)
A, 1 ^  214 (1930) .
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9.524 &

4.965

c = 35.39  

= 129° 13

o«

P ro jec tio n  Along th e  b -ax is

O H

P ro jec tio n  o f Carboxyl 
Groups on the  ab-plane

P ro jec tio n  Along 
th e  a -a x is

Fig. 1-5 The Unit Cell of the C-form of Lauric Acid
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CK

a = 7.404  A 

b = 5.591 

c = 49.38

a  =  1170 22*

P ro jec tio n  Along th e  b -a x is

F ig . 1-6 The U nit C e ll o f  th e  B-form o f S te a r ic  Acid
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g re a te r  "long spacing" (th ick n ess  o f  a dimer la y e r ) .  This c ry s ta l

form has one dimer per u n it  c e l l  and alm ost c e r ta in ly  has the  t r i c l i n i c  
10chain packing. The u n it c e l l  has an in v e rs io n  c e n te r .

R ecen tly , von Sydow^^ has shown th a t  an o ther t r i c l i n i c  form 

e x is t s ,  in  which each boundary o f a monomolecular la y e r  in c lu d es  both 

carboxyl groups and methyl groups, and which has no e a s i ly  d is c e rn ib le  

long spacing. He has published a p a r t i a l  de term ination  o f  th e  s tru c tu re  

o f  t h i s  form o f la u r ic  a c id . The u n i t  c e l l  inc ludes s ix  m olecules ( th re e  

dim ers) and has an in v e rs io n  c e n te r . For purposes o f th e  s tru c tu re  

d e te rm in a tio n , von Sydow has considered a  tw elve-m olecule u n it  c e l l .

A p ro je c tio n  o f h a l f  t h i s  c e l l  along i t s  sh o r te s t a x is  i s  shown in  F ig . 

1 -7 . The chain  p lanes in  a dimer a re  p a r a l le l  and th e  chains have th e  

t r i c l i n i c  packing. Von Sydow has observed th i s  c ry s ta l  form only fo r  

la u r ic  a c id , CĤ  (CHg)^gCOOH, and n y r i s t i c  a c id , CH-̂ (CH2)t^C00H. He 

has repo rted  th a t  t r i c l i n i c  c ry s ta ls  o f  th e  a c id s  w ith longer chains 

ap p aren tly  have th e  form w ith long spacing .

Normal V ib ra tio n a l Analyses 

Most v ib ra t io n a l  analyses o f  long methylene chains have not 

included  the  e f f e c ts  o f th e  m olecular environment. They have, however, 

g e n e ra lly  assumed th e  extended conform ation p resen t in  c r y s ta ls .  The 

f i r s t  a ttem p ts  d e a lt  only w ith th e  s k e le ta l  v ib ra tio n s  o f th e  chain .

The CH2 groups were t r e a te d  as  p o in t masses and a va lence-type  p o te n tia l  

was assumed. Bartholome * and Teller^*^ in v e s tig a te d  the  e f f e c ts  o f the

Bartholome* and E. T e lle r , Z. physik . Chem. B. 366 (1932).
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C

P ro jec tio n  Along th e  a -a x is  

a = 5 .41, b = 26 .2 , c = 35*4 A

% = 74° /3 z 109° Y = 122°

Pig" 1 -7  The U nit C ell o f th e  A-form o f L auric  Acid
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end groups on the  chain  v ib ra tio n s . They concluded th a t  th e  s k e le ta l  

freq u en cies  la y  w ith in  a range e s s e n t ia l ly  independent o f  th e  chain
Î 21

len g th  o r type o f end groups. Bartholome and T e lle r , and B a r r io l , 

and P a ro d i^  determ ined frequency ranges fo r  the  s k e le ta l  v ib ra tio n s .

K i r k w o o d ,P i t z e r , ^  and more re c e n tly , Liang, S u therland , and 

kVimm25 attem pted to  c a lc u la te  the  frequencies  o f in d iv id u a l s k e le ta l  

v ib ra tio n s  o f the  n -p a ra f f in s . T heir approaches to  the  v ib ra t io n a l  

problem were not e s s e n t ia l ly  d i f f e r e n t  from those o f  th e  e a r l i e r  workers, 

Whitcomb, N ie lsen , and Thomas^^ were the  f i r s t  to  co n sid er the  

motion o f th e  hydrogen atoms in  th e  methylene groups. Using a c e n tra l 

fo rce  f i e ld ,  they ca lc u la te d  frequency ranges fo r  th e  v ib ra tio n s  o f the  

n -p a ra f f in s . They estim ated  the  p o s itio n s  o f  th e  most in te n se  bands 

and attem pted a c o r re la tio n  w ith  th e  spectrum o f gaseous undecane. They 

did  no t e x p l ic i t ly  consider th e  motion o f  th e  end groups in  t h e i r  analy 

s is  bu t d id  d iscu ss  th ese  e f f e c t s .  They emphasized th a t  th e  d is t in c t io n  

between chain and end group v ib ra tio n s  was one o f degree ra th e r  than  

kind.

^ J .  B a rr io l e t  a l . ,  J .  Phys. e t  Radium 10, 215 (1939); ^
8 (1947).

22m. P arod i, J .  Phys. e t  Radium 2 , 58 ( l9 4 l) .

2 3 j, G. Kirkwood, J .  Chem. Phys. 2* 506 (1939).

24k, s . P i tz e r ,  J .  Chem. Phys, 8 , 711 (1940).

25c, Y. L iang, G. B. B. M, Su therland , and 5 . Krimm, J .  Chem. 
Phys. 22, 1468 (1954).

E. Whitcomb, H. H, N ie lsen , and L. H, Thomas, J ,  Chem. Phys. 
8 , 143 (1940).
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Mizushima and Shimanouchi^? and K ellner28 considered  an in f i n i t e  

chain . They poin ted  out th a t ,  fo r  a chain in f i n i t e l y  long , only those  

v ib ra tio n s  in  which chain re p e a t u n its  v ib ra te  in -phase  should be in f r a 

red o r Ram an-active. Both analy ses included th e  hydrogen m otion. 

Shimanouchi and Mizushima used a Urey-Bradley f i e l d ,  and K ellner used 

a s t r i c t  valence fo rce  f i e ld .

Deeds29 has made a complete normal co o rd in a te  a n a ly s is  fo r  

chains o f f i n i t e  le n g th . His approach to  the  v ib ra t io n a l  problem i s  

s im ila r  to  th a t-® f Whitcomb e t  a l . ,  except th a t  he used a s t r i c t  

valence fo rce  f i e ld  and d if f e r e n t  symmetry co o rd in a te s .

Primas and Giinthard^*^ t r e a te d  th e  normal v ib ra tio n s  o f chain s 

o f th e  type  X(CH2 )2n^* They used th e  Wilson FG method^^ to  a r r iv e  a t  

synmetry c o o rd in a te s . They assumed th a t  the  p o te n t ia l  energy expressed  

in  th ese  co o rd in a tes  had a d iagonal qu ad ra tic  form, and used an ap p ro x i

mation method to  d iag o n alize  th e  secu la r d e term inan t. The r e s u l t s  were 

c o rre la te d  w ith  th e  sp ec tra  o f th e  c ry s ta l l in e  n -p a ra f f in s .

The most recen t trea tm en t o f th e  v ib ra tio n s  o f methylene chains

2?S. Mizushima and T. Shimanouchi, J .  Am. Chem. Soc. %!, 1320 (1949). 
T. Shimanouchi and S. Mizushima, J .  Chem. Phys. 1102 (1949).

2®L. K e lln e r , Proc. Phys. Soc. (London) A, 521 (1951). "

E. Deeds, Ph. D. T h esis , Ohio S ta te  U n iv e rs ity  (1951).

30h. Primas and H. H. Gunthard, Helv. Chim. Acta 1659,
1791 (1953).

B. W ilson, J r . ,  J .  Chem. Phys. %, 1047 (1939)j %  76 (1941).
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i s  th a t  o f  Theim er.^^ He c a lc u la te d  frequencies and normal coo rd in a tes  

fo r  the  s k e le ta l  v ib ra tio n s  o f  f i n i t e  chain s, using  a Urqy-Bradley 

p o te n tia l  and tak in g  te rm in a l e f f e c ts  in to  account by a p e r tu rb a tio n  

method. He concluded th a t  in  a chain  w ith N carbon atoms, th e  e f f e c ts  

o f th e  p e r tu rb a tio n  on th e  freq u en cies  a re  n e g lig ib le  fo r  N > 5» A 

c a lc u la tio n  o f in te n s i t i e s  showed th a t  except fo r  what were termed 

"p h y sica l boundary e f f e c ts " ,  such as the  d if fe re n c e s  in  th e  te rm in a l 

and in n e r C-C bonds, none o f th e  s k e le ta l  v ib ra tio n s  would be observable 

in  th e  in f r a r e d  sp e c tra . He no tes th a t  th e  "mixing o f  CH v ib ra tio n s  

and s k e le ta l  modes may a c t iv a te  th e  l a t t e r . "  Theimer a lso  in v e s tig a te d  

the  Raman and in fra re d  in te n s i t i e s  o f th e  CH v ib ra tio n s  o f  so lid  n -p a ra f-  

f in s .  He concluded th a t  th e  r e la t iv e  in te n s i t i e s  o f  end-group v ib ra tio n s  

a re  p ro p o r tio n a l to  l/N  and th a t  th e  in te n s i t i e s  o f chain  v ib ra tio n s  in  

which a l l  u n i ts  in  th e  chain  v ib ra te  in-phase a re  e s s e n t ia l ly  independent 

o f  N. His r e s u l t s  in d ic a te  th a t  the  o th e r chain  v ib ra tio n s  would be 

in f r a r e d - in a c tiv e  except fo r  th e  physica l boundary e f f e c t s .

The normal coord ina te  analyses have in  most cases d e a lt  w ith 

chains o f  in d e f in i te  le n g th . By assuming as s o lu tio n s  v ib ra tio n s  which 

amount to  t r a v e l l in g  waves in  th e  chain , th e  se c u la r  determ inant may be 

reduced to  a  9 x  9 b l o c k . ^^*26 i t  i s  equal in  dimension to  th e  number 

o f  degrees o f  freedom o f a methylene group.

The only  s t r i c t  symmetry o p era tion  common to  extended methylene 

chains o f  any len g th  i s  a r e f le c t io n  in  the  s k e le ta l  p lan e . I f  co o rd i-

Theimer, J .  Chem. Phys. 2%, 408, 1041 (1957).
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na tes  a re  chosen which tak e  advantage o f t h i s  symmetry, the  9 x 9  block 

can be fac to red  in to  5 x 5  and 4 x 4  b locks, corresponding to  v ib ra tio n s  

p erp en d icu la r and p a r a l le l  to  th e  s k e le ta l  p lan e , re sp e c tiv e ly .

The so lu tio n s  o f  th e se  se c u la r  equations a re  s in u so id a l fu n c tio n s  

o f  the  phase d iffe ren c e  between th e  v ib ra tio n s  o f  ad jacen t chain  u n i t s .  

Each so lu tio n  defines a range o f frequencies which i s  independent o f  the  

chain le n g th . P a r t ic u la r  s o lu tio n s  fo r  chains o f  a  given len g th  a re  

obtained  by apply ing  boundary c o n d itio n s . This produces a s e r ie s  o f 

freq uencies  corresponding to  " stan d in g  waves", th e  normal v ib ra tio n s  o f 

the  chain . The d is t r ib u t io n  o f  t h i s  s e r ie s  over th e  frequency range 

depends upon th e  boundary co n d itio n s  and the  le n g th  o f  the chain . Bounda

ry  co n d itio n s  o f the  s o r t  u su a lly  app lied  re q u ire  th a t  fo r  a f i n i t e  chain  

w ith  N m ethylene groups, the  phase d iffe ren c e  between ad jacen t v ib ra tin g  

u n its  in  a " t r a v e l l in g  wave" have values k IT /  N + 1 , where k = 1, 2,

. . . , N .

Each s e r ie s  i s  o rd in a r i ly  a sso c ia ted  w ith one o f th e  follow ing 

ty pes o f  v ib ra tio n  o f  th e  methylene chain:

CH2 symmetric s tre tc h in g ,

CH2 deform ation o r " s c is so r in g " ,

CH2 wagging,

C-C s tre tc h in g , and

C-C-C angle bending v ib ra tio n s ;

CHg asymmetric s tre tc h in g ,

CH2 rock ing ,

CH2 tw is t in g , and

s k e le ta l  to r s io n a l  v ib ra t io n s .
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The f i r s t  f iv e  correspond to  co o rd in a tes  syaanetric w ith re sp e c t to  the  

s k e le ta l  p lan e , and th e  remaining fo u r to  coord ina tes  antisym m etric 

with re sp ec t to  th is  p lane.

A chain  with N methylene groups should have N o f each type o f 

CH2 v ib ra tio n s  and (N -l) C-C s tre tc h in g , (N-2) C-C-C angle bending, 

and (N-3) s k e le ta l  to rs io n a l v ib ra tio n s , A normal p a ra ff in  w i l l  have 

two more o f  each o f the  l a s t  th re e  t y p e s . F o r  an i n f i n i t e  chain , 

th e  so lu tio n s  o f  th e  secu la r determ inant rep resen t branches ra th e r  than 

d is c re te  s e ts  o f  freq u en cies , s ince  a l l  values o f th e  phase angle a re  

a llow ed.

S e lec tio n  Rules

The s p e c tra l  a c t i v i t i e s  o f th e  v ib ra tio n s  o f a  methylene chain 

depend upon th e  symmetry o f th e  m olecule, and in  the  c r y s ta l l in e  phase 

upon th e  c ry s ta l  symmetry.

Methods developed by Bhagavantam and Venkatarayudu,^^ H a l f o r d ,  

Hornig,^^ and Winston and H alford^? a llow  th e  use o f th e  c ry s ta l l in e

Sheppard, "R o ta tio n a l Isomerism About C-C Bonds in  S atu ra ted  
M olecules a s  S tudied by V ib ra tio n a l Spectroscopy," in  Vol. I  o f 
Advances in  Spectroscopy. ed, by H. W. Thompson. (New York: I n te r 
science  P u b lish e rs , I n c . ,  1959).

^^S. Bhagavantam and T. Venkatarayudu, Theory o f Groups and I t s  
A pp lication  to  Physical Problems (Bangalore C ity : The Bangalore P ress, 
1951%

s ,  H alford , J .  Chem. Phys. I 4 ,  8 (1946).

3^0. F. H om ig, J .  Chem. R iys, 16, IO63 (1948).

3?H. Winston and R. S. H alford , J .  Chem. Fhys. 12, 607 (1949)*
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space group to  p re d ic t th e  symmetries and a c t i v i t i e s  o f  th e  v ib ra tio n s  

o f m olecular c ry s ta ls» - Only normal v ib ra tio n s  in  which a l l  u n it  c e l l s  

v ib ra te  in -phase  a re  l ik e ly  to  be observed. These fundam entals a re  equal 

in  number to  th e  degrees o f freedom o f  a u n i t  c e l l ,  and th ey  may be 

c la s s i f i e d  according to  t h e i r  behav ior under th e  o p e ra tio n s  o f  th e  u n it  

c e l l  group.

Though th e  c r y s ta l  symmetry i s  o f  th e  utmost im portance in  th e  

p re sen t work, i t  i s  in s t ru c t iv e  f i r s t  to  consider th e  symmetry o f ,  and 

th e  s e le c t io n  ru le s  fo r ,  an extended methylene chain .

The symmetry o f a  f i n i t e  methylene chain  i s  th e  same as  th a t  o f 

th e  corresponding normal p a ra f f in  m olecule. The symmetry o f  an is o la te d  

n -p a ra f f in  in  th e  extended c o n fig u ra tio n  i s  O2 V an odd-numbered 

chain  and fo r  an even-numbered ch a in . Brown, Sheppard, and Simpson^^ 

have c la s s i f ie d  th e  v ib ra tio n s  o f  a l l  ty p es  according to  symmetry sp e c ie s , 

except th e  low -frequency s k e le ta l  and th e  C-H s tre tc h in g  v ib ra t io n s .

This in fo rm ation , extended to  inc lude  C-H s tre tc h in g , i s  g iven in  

Table l - I .

I t  may be n o ticed  th a t  th e  chain  v ib ra tio n s  o f  each type a re  

d iv id ed  about eq ually  between two symmetry c la s se s  in  bo th  even and 

odd-numbered ch a in s . I f  d is c re te  va lues k TT /  N + 1 a re  assumed fo r  

th e  phase ang les between ad jacen t chain  u n i ts ,  one o f  th e  two spec ies  

w i l l  correspond to  k even and th e  o th e r  to  k odd. I f  a  s e t  o f  v ib ra 

t io n s  form a s e r ie s  in  which th e  freq u en cies  p ro g re ss iv e ly  in c rease  o r 

d ecrease  w ith th e  phase ang le , a l te r n a te  members o f  th e  s e r ie s  w il l  

belong to  th e  same sp e c ie s .
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TABLE l - I

CLASSIFICATION ACCORDING TO SYMMETRY SPECIES OF THE FUNDAMENTAL 
VIBRATIONS OF a-PARAFFINS WITH N METHYLENE GROUPS

Approximate
Motion

Number 

N even

o f Fundamentals fo r 

(C2h> N odd

Bg By Au A]_

(C2v)

^2 Bl B2

CH2 Symmetric N N N+I N-l
S tre tch in g 2 2 2 2

CH2 Deform ation N N N+1 N-l
2 2 2 2

CH2 Wagging N N N-l N+1
2 2 2 2

C-C S tre tc h in g N»2 N N + 1 N-l
2 2 2 2

CH2 Rocking N N N -l N+1
2 2 2 2

CH2 Tw isting N N N+1 N -l
2 2 2 2

CH2 Asymmetric N N N -l N+1
S tre tc h in g 2 2 2 2

CHo Asymmetric
Deformation and
S tre tch in g 1 1 1 1 1 1 1 1

CĤ  Symmetric
Deform ation and
S tre tc h in g 1 1 1 1

CHg Rocking 1 1 1 1 1 1 1 1

A c tiv ity R. R. i . r . i . r .  R . , i . r . R. R., , i . r . A . , i . r

R. Ram an-active i . r .  In f ra re d -a c tiv e
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For n -p a ra f f in s  w ith an even number o f carbon atom s, v ib ra tio n s  

belonging to  th e  in f ra re d -a c t iv e  spec ies  and a re  a sso c ia te d  w ith 

changes in  d ipo le  moment p a r a l le l  and perp en d icu la r to  th e  plane o f  th e  

carbon sk e le to n , re sp e c tiv e ly . For n -p a ra f f in s  w ith  an odd number o f  

carbon atoms, v ib ra tio n s  belonging to  sp ec ies  A^, 8%, and B2 a re  a s s o c i

a te d  w ith changes in  d ip o le  moment p a r a l le l  to  th e  chain  a x is ,  perpen

d ic u la r  to  the  chain  a x is  bu t p a r a l le l  to  th e  s k e le ta l  p lan e , and perpen

d ic u la r  to  the  s k e le ta l  p la ne , re sp e c tiv e ly .

To each type o f  chain  v ib ra tio n  fo r  an i n f i n i t e  chain  th e re  c o rre 

sponds a  continuous d is t r ib u t io n  o f  freq u en c ies . However, a c tu a lly  only 

th o se  v ib ra tio n s  in  which ad jacen t CH2 u n i ts  have a phase d iffe ren c e  o f 

0 o r TT , corresponding to  k = 1 and k = N in  th e  f i n i t e  ch a in s , may be 

observed in  th e  s p e c tra . This was p o s tu la ted  by Shimanouchi and Mizu

s h i m a , ^7 who ap p lied  both symmetry groups and Cgv* I t  was l a t e r

j u s t i f i e d  by Tobin in  a  more e lab o ra te  trea tm en t based on th e  l in e  group
12o f  an in f i n i t e  chain . In  t h i s  tre a tm e n t, vdiich i s  eq u ivalen t to  th a t  

d e riv ed  fo r  c r y s ta l s ,  i t  i s  shown th a t  v ib ra tio n s  can be analyzed in  

term s o f  th e  fa c to r  group o f  th e  l in e  group ^diich d e sc rib e s  the  synmetry 

o f  a  s in g le  -CHg-CHg- re p e a t u n i t .

N ielsen and W ooU ett^ have c la s s i f ie d  th e  v ib ra tio n s  o f c ry s

t a l l i n e  polyethylene according  to  symmetry sp ec ies  o f th e  u n it  c e l l  

group o f  an id e a l  po lyethylene c r y s ta l .  They have c o rre la te d  t h i s  

c la s s i f i c a t io n  w ith  th a t  o f Tobin. The inform ation  re le v a n t to  th e  

p re sen t work i s  p resen ted  in  Table l - I I .  The approxim ate na tu re  o f 

th e  motions i s  g iven in  th e  f i r s t  column. The spec ies  o f each o f  th e  

f a c to r  group modes o f an is o la te d  polyethylene chain  i s  given in  the
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second column. The c la s s i f ic a t io n  o f th e  u n it  c e l l  group v ib ra tio n s  o f 

c r y s ta l l in e  polyethylene i s  given in  th e  th i r d  column. Corresponding 

to  each normal v ib ra tio n  o f a s ing le  ch ain , th e re  w il l  be two v ib ra tio n s  

o f th e  c r y s ta l ,  one in  which th e  two chains in  the  u n it  c e l l  v ib ra te  

in -p h ase , and one in  which they  v ib ra te  o u t-o f-p h ase .
F

In  the l in e  group a n a ly s is , a  v ib ra tio n  o f spec ies  a^ i s  in 

a c t iv e ,  and those o f  sp ec ies  b ^ ,  b^^, and b^^ a re  a sso c ia te d  w ith 

changes in  d ipo le  moment perpendicu lar to  th e  s k e le ta l  p lan e , p a r a l le l  

to  th e  s k e le ta l  plane but perpendicu lar to  th e  chain ax es , and p a r a l le l  

to  th e  chain axes, re sp e c tiv e ly . V ib ra tions o f the  o th e r sp ec ies  a re  

Ram an-active.

In  the  a n a ly s is  based on the  space group, th e  v ib ra tio n s  o f  spe- 
P Fc ie s  b ^  and b^^ each s p l i t  in to  two in f ra re d -a c t iv e  v ib ra tio n s  o f 

sp ec ie s  b2^ and b^^ w ith  change in  d ip o le  moment p a r a l le l  to  th e  b -  and 

a-axe 8 o f th e  polyethylene u n i t  c e l l ,  re sp e c tiv e ly . The v ib ra tio n s  o f 

sp ec ies  a^  o r b^^ each s p l i t  to  produce an in a c tiv e  v ib ra tio n  o f  spe

c ie s  au  and one o f spec ies  bxu which has a  change in  d ipo le  moment p a ra l

l e l  to  th e  c -a x is  o f th e  u n it  c e l l .

The space group a n a ly s is  o f th e  v ib ra tio n s  o f the  m onoclinic 

n -p a ra ff in s  p re d ic ts  s p l i t t i n g  s im ila r to  th a t  in  th e  polyethylene 

c r y s ta l .  The u n it c e l l  group o f the  m onoclinic c ry s ta ls  i s  isom orphic 

to  Cgjj. The u n it  c e l l  i s  shown in  F ig . 1-4» Since the  in v e rs io n  

cen te r  o f a molecule i s  a lso  a cen te r o f symmetry o f  th e  u n i t  c e l l ,  

those  v ib ra tio n s  which belong to  the  Raman-active species o f  th e  group 

Cpft o f  a s in g le  molecule a re  s p l i t  in to  two Raman-active v ib ra tio n s  

corresponding to  in -  and ou t-o f-phase  motions o f  th e  two m olecules in
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TABLE l - I I

CLASSIFICATION OF THE UNIT CELL GROUP MODES OF POLYETHYLENE ACCORDING TO 
THE LINE GROUP OF AN INFINITE CHAIN AND THE SPACE GROUP 

OF A POLYETHYLENE CRYSTAL

Approximate Motion Line Group Space Group

Asymmetric CH S tre tch in g =g + big

Symmetric CH S tre tch in g aF
g *g " b ig

CH2 Deformation
‘ 1 ®g ♦ big

CH2 Rocking «g " big

S k e le ta l Deformation F
®g ®g '  b ig

CH2 Wagging bZg * b3g

CH2 Tw isting b2g ♦ b3g

S k e le ta l Deformation
< b2g + ^3g

CH2 Wagging ®u * biu

CH2 Tw isting ‘ 1 Hu + biu

Asymmetric CH S tre tch in g bzu * b3u

Symmetric CH S tre tch in g < bzu *' bgu

CH2 Deformation b£u * b]u

CH2 Rocking. h i bZu * ^3^
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a u n i t  c e l l .  V ib ra tions belonging to  the  in f ra re d -a c t iv e  sp ec ie s  o f 

th e  group C2h o f a s in g le  m olecule produce two in f ra re d -a c t iv e  u n i t  c e l l  

group modes a sso c ia te d  w ith changes in  d ip o le  moment e i th e r  p a r a l le l  o r 

p e rp en d icu la r to  th e  a -a x is  o f  th e  u n i t  c e l l .

On the  o th e r hand, in  th e  t r i c l i n i c  form o f th e  n -p a ra f f in s , 

which has only one molecule per u n it  c e l l ,  no s p l i t t in g  i s  expected.

The u n i t  c e l l  has an in v e rs io n  c en te r  which, s ince  th e re  i s  only one 

m olecule per u n it  c e l l ,  must a lso  be an in v e rs io n  c e n te r  fo r  th e  mole

c u le , in su rin g  th a t  th e  s e ts  o f  in f r a r e d -  and Raman-active v ib ra tio n s  

a re  m utually  ex c lu s iv e . Provided th e  c r y s ta l  m atrix  does no t g re a tly  

p e r tu rb  th e  m olecular v ib ra tio n s , th e i r  o th e r  symmetry p ro p e r tie s  should 

be s im ila r  to  those  p re d ic ted  from th e  synmetry o f a  s in g le  molecule*

The symmetry and s e le c tio n  ru le s  o f  th ese  and o th e r  c ry s ta ls  

t r e a te d  in  th e  p resen t work a re  d iscussed  in  more d e ta i l  in  Chapters 

I I I  and IV.

Vibrational Spectra  

The Raman sp ec tra  o f  sev e ra l n -p a ra f f in s  ranging from n-butane 

to  n -ce tan e  have been rep o rted  by Shimanouchi and Mizushima.

The Raman sp ec tra  o f c r y s ta l l in e  n-CggH^g, n-C^aHy^, s te a r ic  a c id , and 

h ig h ly  c r y s ta l l in e  l in e a r  po lyethylene were obtained  by N ie lsen  and 

W o o lle t t . l  T heir Raman da ta  on polyethylene were confirmed by Tobin.

Previous work on th e  in f ra re d  sp ec tra  o f n -p a ra f f in s  and o th e r 

compounds w ith long methylene chains i s  much more e x ten s iv e . References

3®M. C. Tobin, J .  Opt, Soc. An. 85O (1959)»
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a re  g iven by Jones and Sandorfy,^^ B e l l a m y , ^0 Sheppard,33 E l l i o t t ,

K rim m ,^ and W oolle tt.^3

The a r t i c l e  by Jones and Sandorfÿ and Bellamy* s book a re  very 

g e n e ra l and only in  p a r t  devoted to  the  sp ec tra  o f  th e  long -cha in  com

pounds. However, they  touch on nearly  a l l  phases o f the  work done up 

to  1955. E l l io t t* s  a r t i c l e  i s  concerned w ith  th e  sp ec tra  o f  polymers in  

g e n e ra l and, though i t  i s  r a th e r  b r ie f ,  co n ta in s  re fe ren ces  to  most 

p u b lic a tio n s  on th e  n -p a ra f f in s  and po lye thy lene . Krinm*s a r t i c l e  deals  

w ith  th e  sp ec tra  o f  polymers and inc ludes a d e ta i le d  d iscu ss io n  o f th e  

in f r a re d  spectrum o f po lye thy lene . Sheppard*s paper, though devoted 

p r im a rily  to  ro ta t io n a l  isomerism, in c lu d es  a  se c tio n  on th e  sp ec tra  o f 

compounds o f th e  type X(CH2 )nY vAiich i s  e s s e n t ia l ly  a  review  o f h is  

own work on the  n -p a ra f f in s  and n -a lk y l h a l id e s . W oollett*s th e s i s  

co n ta in s  a  concise b u t comprehensive review  o f previous work on long - 

ch a in  n -p a ra ff in s  and po lyethy lene.

To re fe ren ces  in  th e se  a r t i c l e s  should be added th e  e x c e lle n t 

re c e n t work o f  Snyder on th e  in fra re d  sp ec tra  o f  c r y s ta l l in e  n -p a ra ff in s

39r „ n. Jones and C. Sandorfy, "The A pplication  o f In fra re d  and 
Raman Spectrometry to  th e  E lu c id a tio n  o f M olecular S tru c tu re ,"  in  
Vol. IX, Chapter IV o f  Technique o f Organic Chem istry, ed . by A. 
W eissberger (New York: In te rsc ien c e  P u b lish e rs , In c .,  19$6).

J .  Bellamy, The In fra red  Spectra  o f  Complex Molecules 
(London: Methuen and Co. L td . ,  195410

^ A .  E l l i o t t ,  "The In fra red  Spectra o f  Polym ers," in  Vol. I  o f 
Advances in  Spectroscopy, ed . by H. W. Thompson (New York: In te rsc ien c e  
P u b lish e rs , I n c . ,  1959).

4 2 s , Krimm, " In fra re d  Spectra o f  High Polym ers," in  Vol. 2 o f  
F o r ts c h r i t te  der Hochpolvmeren- Forschung (B e rlin : Springer-V erlag , 
1 9 ^

^3ao H. W o o lle tt, Ph. Do Thesis, U n iv e rs ity  o f  Oklahoma (1956).
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from ^2(^k2 ^  ^30^62 ^  th e  work on th e  low -frequency s k e le ta l  

v ib ra t io n s  o f  th e  n - f a t ty  ac id s  by C r is le r  and F e n to n .^5

The number o f Raman bands which have been observed in  th e  sp ec tra  

o f  th e  c ry s ta l l in e  n -p a ra f f in s  i s  much le s s  than  th a t  p re d ic ted  by the  

th e o ry . For a l l  bu t th e  sm aller m olecules, th e  number o f observed bands 

i s  e s s e n t ia l ly  the  same, and each band i s  a member o f a "band sequence" 

which may be tra c ed  through th e  sp ec tra  o f  th e  n -p a ra f f in s , i t s  f r e 

quency remaining constan t o r  varying g rad u a lly  w ith chain le n g th . In  

some sequences, in te n s i t i e s  vary l i t t l e  w ith  th e  chain le n g th , and bands 

which appear to  be members o f  the  sequences a re  observed in  th e  Raman 

spectrum  o f c ry s ta l l in e  po lye thy lene. In  o th e r sequences th e  bands de

c rease  in  in te n s i ty  w ith in c re as in g  chain  len g th  and do not appear in  

th e  spectrum  o f p o ly e thy lene . The Raman spectrum  o f c r y s ta l l in e  s te a r ic  

a c id  ob ta ined  by W oollett i s  l i t t l e  d i f f e r e n t  from th a t  o f  th e  n -p a ra f f in s .

In  th e  in fra re d  sp ec tra  o f c ry s ta l l in e  compounds having methy

len e  chains o f moderate le n g th , th e  number o f bands observed i s  n ea re r 

th a t  p red ic ted  by th e  th e o iy . In  th e  in fra re d  sp e c tra  o f homologous 

s e r ie s  o f  compounds, as  in  th e  Raman sp e c tra , sequences o f  bands may be 

seen . In  c o n tra s t to  th e  Raman sp ec tra , th e  number o f  sequences i s  not 

c o n s ta n t, new ones appearing as th e  chain le n g th s  in c re a se . Some o f 

th e  band sequences a re  grouped to g e th e r , t h e i r  members in  the  spectrum  

o f a p a r t ic u la r  compound forming re g u la rly  spaced "band s e r ie s " .  The

44R. G. Snyder, J .  Mol, Spectroscopy 4» 411 (I960).

45r ,  0 . C r is le r  and A. J .  Fenton, paper g iven a t  th e  Tenth Annual 
Symposium on Spectroscopy, American A ssociation  o f Spectrographers,
Chicago, June 1 -4 , 1959.
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number o f  bands in c re a se s  and th e i r  sep a ra tio n  decreases w ith in c re a s in g  

chain  le n g th , the  range o f frequencies in  such a s e r ie s  rem aining about 

th e  same. -  -

R e la tiv e  to  a  few s trong  bands, i n t e n s i t i e s  decrease w ith  in 

c reas in g  chain  le n g th . In  th e  in fra re d  spectrum  o f extrem ely lo n g - 

chain  n -p a ra ff in s  and p o ly e th y len e , as  in  th e  Raman spectrum, few bands 

a re  observed . The most in te n se  o f  th e se  appear to  be members o f  sequences 

idiich in c lu d e  th e  s tro n g e r  bands in  th e  s p e c tra  o f  sh o rte r  c h a in s .

In  some case s , th e  band s e r ie s  and sequences have been c o r re la te d  

w ith  th e  s e ts  o f  v ib ra t io n s  p red ic ted  by th e  th eo ry .

The n -P a ra ff in s  and P olyethylene 

In  in fra re d  sp e c tra  o f  the  n -p a ra f f in s ,  a s tro n g , p e r s is te n t  

band sequence i s  observed n ear 720 cm~^. In  c r y s ta ls  having th e  o r th o -  

rhombic packing, th e re  i s  a doublet a t  t h i s  p o s i t io n . A s tro n g  doub le t 

a t  720 and 730 cm“^ i s  a lso  observed in  th e  spectrum  o f c r y s ta l l in e  

p o ly e th y len e . In th e  n -p a ra f f in s ,  a s e r ie s  o f  weaker bands ex tending  

toward h ig h er freq u en c ies  a re  observed, each o f which i s  a member o f  

a  sequence converging tow ard th e  s trong  720-730 cm“^ bands as th e  chain  

le n g th s  in c re a se .

Brown, Sheppard, and Simpson^^ have assigned  th ese  bands a s  

methylene rocking v ib ra t io n s . The assignm ent i s  based on th e i r  number, 

frequency d is t r ib u t io n ,  and th e  f a c t  th a t  th e  s trong  band sequence 

appears to  o r ig in a te  in  a propane band a t  748 cm“^ assigned  as CH2 

ro ck in g . The s p l i t t i n g  o f th e  s trong  doublet has been a t t r ib u te d  to  

in -phase  and o u t-o f-p h ase  motion o f ad jacen t chains in  c ry s ta ls  having
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th e  orthorhombic chain  pack ing .^^*^7 Snyder has observed s p l i t t i n g  

a lso  in  th e  h igher frequency members o f t h i s  s e r i e s . ^

Though * n  in f r a re d -a c t iv e  rocking v ib ra tio n s  o f some o f  th e  

n -p a ra f f in s  w ith s h o r te r  chains have been accounted fo r  by Brown e t

the  upper end o f th e  s e r ie s  appears to  overlap  ano ther group o f 

bands beginning around 1000 cm"^ in  th e  sp e c tra  o f the  la r g e r  m o le c u le s .^  

In  n -p a ra f f in s  w ith  an odd number o f  carbon atoms, a l l  rocking funda

m entals should be R a m a n -a c tiv e ;h o w e v e r , no corresponding Raman s e r ie s  

has been observed. N ielsen  and W oolle tt^  observed a weak Raman band 

a t  1168 cm~  ̂ which they  assigned  as  CH2 rock ing . Presumably, t h i s  band 

in d ic a te s  an upper bound fo r  th e  rocking s e r ie s  o f  th e  n -p a ra f f in s .

A strong  band sequence near 1470 cm~^ in  th e  in f ra re d  spectrum  

has been a sc rib ed  to  methylene sc is so r in g  o r  defonnation  v ib ra t io n s .

I t  i s  a  doublet in  th o se  c ry s ta ls  having th e  orthorhombic chain  packing. 

The f a c t  th a t  no obvious s e r ie s  i s  a s so c ia te d  w ith  t h i s  sequence i s  

in te rp re te d  to  mean th a t  th e  in te ra c t io n  between ad jacen t m etl^ lene 

groups in  th i s  type o f  v ib ra tio n  i s  sm all, so th a t  the  e n t i r e  s e t  o f 

v ib ra t io n s  p red ic ted  by th eo ry  have approxim ately  th e  same freq u e n c ie s .

The doub le t s p l i t t in g  i s  a t t r ib u te d  to  in te r a c t io n s  between ad jacen t 

m o l e c u l e s . A  medium in te n s i ty  band sequence near 1440 cm”^ in  th e  

Raman sp e c tra  o f  c r y s ta l l in e  n -p a ra f l in s  and polyethylene has been

4&R. S. S te in  and G. B. B. M. S u th e rlan d , J .  Chem. Fhys. 22,
1993 (1954).

47r . s . S te in , J .  Chem. Phys. 21, 734 (1955). 

^®R. G. Snyder, J .  Chem. Phys. 2%, 969 (1947).
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assigned  as CH2 deform ation .^

A nearly  constan t-frequency  sequence o f very in te n se  bands 

n ear 2850 cm~^ in  both th e  in fra re d  and Raman sp ec tra  o f c ry s ta l l in e  

n -p a ra ff in s  and polyethylene has been assigned  as  CHg symmetric s t r e tc h 

in g . Two sequences, near 2880 and 2920 in  the  Raman and in fra re d  

s p e c tra , re s p e c tiv e ly , have been assigned  as CH2 asymmetric s tre tch in g  

v ib ra tio n s .

The to r s io n a l  v ib ra tio n s  o f  th e  methylene chain  a re  eaqjected 

to  have very low freq u en c ies . No bands have been observed in  the  in f r a 

red  o r Raman sp ec tra  irdiich could be a sso c ia te d  w ith th e se  v ib ra tio n s .
27Mizushima e t  a l . ,  have a sso c ia te d  a  sequence o f bands in  th e  Raman 

sp ec tra  o f c r y s ta l l in e  n -p a ra f f in s  w ith  C-C-C angle  bending. This 

sequence beg ins in  a  band a t  425 cm“^  o f butane and p rogresses to  I 50 cm~^ 

in  th e  spectrum  o f - -

S ev era l sequences between 1000 and 1150 cm~^ in  both  sp ec tra  o f 

the  c r y s ta l l in e  n -p a ra ff in s  have been assigned  a s  s k e le ta l  s tre tc h in g  

v i b r a t i o n s . T w o ,  near 1060 and 3140 cm"^ in  th e  spectrum of 

have been assigned  by Sheppard^^ a s  th e  s k e le ta l  s tre tc h in g  v ib ra tio n s  

o f l im it in g  phase. The corresponding v ib ra tio n s  o f  th e  i n f i n i t e  poly

methylene chain  have been id e n t i f ie d  by N ielsen  and W oollett w ith  Raman 

bands o f polyethylene a t  IO6I  and 1131 cm“^ .^

Groups o f very weak bands w ith frequencies between 1170 and 

1370 cm~^ in  th e  in fra re d  sp e c tra  o f the  c r y s ta l l in e  n -p a ra ff in s  have

J .  Fox and A. E. M artin , Proc. Roy. Soc. (London) A 175.
208 (1940) .

50s. Krimm, C. Y. Liang, and G. B. B. M. S u therland , J .  Chem. 
Phys. i i ,  549 (1956).
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been a t t r ib u te d  to  methylene wagging and tw is tin g  v ib ra t io n s . Brown 

e t  a l .^ ^  have observed band sequences in  th e  sp ec tra  o f th e  sh o r te r  

chains and have attem pted to  d is tin g u is h  between wagging and tw is tin g  

v ib ra t io n s . The observed low -frequency l im i t  o f  th e  bands id e n t i f ie d  

a s  wagging v ib ra tio n s  was a t  1169 cm~^ and th e  observed upper l im i t  was 

a t  1337 cm“^ . For the  bands a sc rib e d  to  tw is tin g  v ib ra t io n s , th e  ob

served lower l im it  was 1175 cm“l ,  and th e  upper l im i t  was n ear I 3OO cm“^ .

S n y d e r^  has obseirved sequences in  th e  in f r a r e d  sp e c tra  o f the  

n -p a ra f f in s  from to  ^ I c h  he has id e n t i f ie d  w ith  members

Of CHg wagging s e r ie s .  The h ig h e s t frequency bands l i e  a t  about I 36O cm~^ 

and th e  low est near 1160 cm"!.

N ielsen  and W oolle tt assigned  bands a t  1295 and 1415 cm~l in  

th e  Raman spectrum o f  po lyethy lene  a s  th e  Raman-active m ethylene tw is t

ing and wagging u n it c e l l  fundam entals. A band a t  1367 cm~l in  th e  

in f ra re d  spectrum of c r y s ta l l in e  polyethylene was assigned  a s  th e  in f r a 

red  a c t iv e  wagging fundam ental by Krimm, L iang, and S u t h e r l a n d ,  Tobin 

and C a r r a n o , 5 1  by N ie lsen  and W o o lle tt.^  However, evidence obtained  

in  th e  I n i t i a l  phase o f th e  p re sen t work^ in d ic a te d  th a t  th e  band a t  

I 367 cm~^ i s  due to  th e  amorphous, ra th e r  than  th e  c r y s ta l l in e ,  phase 

o f  polyetlq rlene. Two weak in f ra re d  bands a t  IO5O and 1176 cm“l  were 

assigned  a s  th e  methylene tw is tin g  and wagging fundam entals o f  poly

é th y lè n e .^  S h e p p a r d , S n y d e r , ^  and KrimmA  ̂ have concurred in  t h i s  

assignm ent o f  th e  wagging fundam ental.

Band sequences in  th e  in f ra re d  sp ec tra  near 2670 and 2960 cm"l

51m,  C. Tobin and M. J .  Carrano, J ,  Chem. Phys, 2£, 1044 (1956),
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have been a t t r ib u te d  to  CĤ  qnmmetric and agynm etric a t  re tc h in g  v ib ra 

t io n s ,  re sp e c tiv e ly .^ ^  In f ra re d  bands near 1375 and 1455 cm~l have been 

assigned  a s  gymmetrlc and agymmetrlc methyl deform ation . Band se

quences In  both  Raman and In f ra re d  sp ec tra  n ea r 890 cm~^ have been 

a t t r ib u te d  to  rocking v ib ra tio n s  o f th e  m ethyl g r o u p s , t h o u g h  

th e re  I s  some u n c e r ta in ty  a s  to  whether th e  rock ing  I s  p a r a l l e l  o r 

pe rp en d icu la r to  th e  s k e le ta l  p lane.

The n -F a tty  Acids 

In f ra re d  sp ec tra  o f  p o ly c x y sta llln e  saaqples o f  s te a r ic  a c id  

ob ta ined  by S in c la ir ,  McKay, and Jones^^ showed some bands which could 

be a ss o c ia te d  w ith v ib ra t io n s  o f  th e  methylene ch a in s . For In s ta n ce , 

s tro n g  bands near 720 cm~^ (CH2 rocking) and 146$ cm~^ (CHg deform ation) 

and s e v e ra l between 2800 and 3000 cm~^ (CH s tre tc h in g )  were observed. 

O ther very  b road . In ten se  bands were a t t r ib u te d  to  v ib ra tio n s  o f th e  

carboxyl groups. A spectrum  o f one c r y s ta l  form, c a lle d  th e  ^  -polymorph 

(th e  C -form ), was compared w ith  th a t  o f a  m ixture o f  ^  and OC -po ly 

morphs ( th e  C and B -form s). The sp ec tra  o f  th e  two forms a re  markedly 

d i f f e r e n t .

One fe a tu re  o f  th e  spectrum o f  th e  C-form aroused  considerab le  

I n te r e s t .  A s e r ie s  o f  bands between 1180 and 1300 cm~^, because o f 

t h e i r  r e g u la r i ty  o f spacing, were taken  to  be caused by chain  v ib ra t io n s .  

A subsequent paper^^ was devoted to  th e  d iscu ss io n  o f  th e se  and s im ila r

G. S in c la i r ,  A. F . McKay, and R. N. Jones, J .  Am. Chem. Soc.
24# 2570 (1952) .

53R. N. Jones, A. F . McKfy, and R. G, S in c la i r ,  J .  Am. Chem. Soc. 
2 4 »  2575 (1952).
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s e r ie s  in  o th e r  c r y s ta l l in e  n - f a t ty  a c id s  and r e la te d  o o n ^unds. I t  

was noted th a t  th e  number o f  bands in  th e  s e r ie s  in  the  n - f a t ty  a c id s  

was about equal to  h a lf  th e  number o f m ethylene groups per m olecule. 

The s e r ie s  were a t t r ib u te d  to  "wagging an d /o r tw is tin g "  v ib ra tio n s  o f  

CH2 g roups.

Jones and Sandorfy^^ showed th a t  members o f  th e  s e r ie s  formed 

sequences in  th e  sp ec tra  o f th e  n - f a t ty  a c id s  from CHgtCHg/^QCOOH to  

CHjtCHgPiqCOOH, and ass ig n ed  th e  bands a s  coupled wagging and tw is tin g  

v ib ra t io n s .  Aranovic^^ and M eiklejohn e t  a l .^ ^  pub lished  sp e c tra  o f  

th e  a c id s  from CH (̂CH2 )gC00H to  CH (̂CH2 )̂ j[̂ C00H which showed th a t  th e  

band s e r ie s  remain re g u la r  and th e  sequences continue in  th e  sp ec tra  

o f  th e  h ig h e r members o f  th e  homologous s e r ie s  o f  n - f a t ty  a c id s .

Hadzi and Sheppard^^ conqpared th e  sp ec tra  o f  sev e ra l o rd in ary  

and d eu te ra ted  carb o x y lic  a c id s , in c lu d in g  s te a r ic  and la u r ic  a c id s , 

and assigned  th e  carboxyl v ib ra tio n s  between 500 and I 5OO cm~^.

B ra to z , Hadzi and S h e p p a r d e x t e n d e d  th e  r e s u l t s  to  inc lude  bands 

up to  3700 cm”^ . The assignm ents o f  H ad^  and Sheppard, idiich a re  

based in  p a r t on e a r l i e r  work, w il l  be p resen ted  in  Chapter IV.

C r is le r  and Fenton^^ have observed a number o f  in f ra re d  band 

sequences in  th e  reg io n  from 300 to  500 cm~^, and have a t t r ib u te d  them 

to  low -frequency s k e le ta l  v ib ra tio n s  o f  th e  methylene chains and th e

54s. M. Aranovic, Ph. D. T h esis, U n iv e rs ity  o f  W isconsin (1957).

55r , a. M eiklejohn e t  a l . ,  A nalyt. Chem. 22 , 329 (1957).

5^D. Hadzi and N. Sheppard, Proc. Rpy. Soc. (London) A 216.
247 (1953).

5 7s. B ratoz, D. H adzi, and N. Sheppard, Spectrochim ica Acta 8 ,
249 (1956).
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carboxyl groups.

Von 37dow^® has published  p a r t i a l  in f ra re d  sp ec tra  o f Nujol mu l l s 

o f th e  A and C forms o f p a lm itic  a c id , and th e  B and C forms o f s te a r ic  

a c id  and has compared th e se  sp e c tra .

In fra red  Dichroism

Ambrose, E l l i o t t ,  and Tonple^^ and Krimm, L iang, and S u therland , 

from ob serv atio n s  o f  th e  d ichroism  o f th e  bands in  th e  spectrum o f  

s tre tc h e d  po lye thy lene, have concluded th a t  th e  c r y s ta l  v ib ra t io n a l  

sp ec ies  b2u and b^^ inc lude  th e  v ib ra tio n s  idiich produce th e  bands a t  

720 and 730, 1460 and 1470, and 2853 and 2925 cm“^ . This i s  c o n s is te n t 

w ith  th e  in te rp re ta t io n  o f th ese  bands a s  caused by CHg rock ing , de

form ation , and s t r e tc h in g , re s p e c tiv e ly .

The assignm ents o f  th e  weak bands a t  1050 and 1176 cm~^ a s  CHg 

tw is tin g  and wagging fundam entals o f  c r y s ta l l in e  po lyethylene was based 

la rg e ly  on th e  f a c t  th a t  t h e i r  in fra re d  d ichroism  in  o rie n te d  po lyethy lene 

i s  th a t  e^qpected fo r  v ib ra tio n s  o f spec ies  b^^. These assignm ents and 

o th e rs  mentioned e a r l i e r  were supported in  th e  e a r ly  p a r t  o f  th e  p re sen t 

work by a study o f th e  d ichro ism  o f  an o rie n te d  sample o f  h ig h ly  czys-
3

t a l l i n e  po lye thy lene .

Krimm e t  a l .^ ^  have s tu d ied  th e  d ichro ism  o f  th e  most in te n se  

in f ra re d  bands in  th e  sp e c tra  o f s in g le  c ry s ta ls  o f  m onoclinic n - 

036^74 orthorhom bic n-C29H^Q* They have found th a t ,  in  th e  doub le ts

5Se ,  von Sydow, Acta Chem, Scand. 2 , 1119 (1955).

59E. J .  Ambrose, A. E l l i o t t ,  and R. B. Temple, Proc. Roy. Soc. 
(London) A 122, 183 (1949).
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at 720 and 730 cm"̂  and at 1463 and 1473 cbi“^, the two components belong 

to  sp ecies  by and a^ or b2u and bg^ o f the monoclinic and orthorhombic 

unit c e l l  groups, respectivelyo This provided rather conclusive proof 

that the two bands in each doublet are produced by in -  and out-of-phase  

motion o f adjacent m olecules.

To d istin gu ish  between vibrations p a ra lle l and perpendicular to  

the chain axes. Brown e t alo^^ compared the spectrum o f an unoriented  

sample o f  with th at obtained with radiation  incid en t p a ra lle l

to  the chains in  a p a r tia lly  oriented film . Their r e su lts  aided in  the 

assignment o f  several o f the band sequences in  the spectra o f  the n-paraf

f in s  with shorter chains.

In h is  study o f the n -paraffin s from to  C^0%2* Snyder
44

has applied a sim ilar technique with C25H52 and The r esu lts

lend strong support to  h is  in terp reta tion  o f a number o f  band sequences 

between 1180 and I36O as CH2 wagging v ib ra tion s.

Cole and Jones^® used polarized radiation to  obtain the infrared  

spectrum o f a s in g le  cry sta l o f  eicosanoic acid , CĤ  (CHg)]̂ gCOOH. The 

two components o f  each o f the doublets near 7?0 and 1470 cm~  ̂ appear to  

have changes in dipole moment at r igh t angles to  each oth er, as do the 

corresponding bands in  the orthorhombic and monoclinic n -p ara ffin s.

The in ten sity  o f  the band se r ie s  between 1180 and I 3OO cm“^ i s  strongly  

dependent on the d irection  o f  p o lariza tion  o f the ra d ia tion .

To use the infrared dichroism in  the in terp reta tion  o f  crystal

R, Ho Cole and R. N. Jones, J .  Opto Soco Am. 42 ,  348 (1952)<
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v ib ra t io n a l  sp e c tra , one must be ab le  to  p re d ic t c h a r a c te r i s t ic  d ire c tio n s  

fo r  th e  changes in  d ip o le  moment o f th e  v ib ra tio n s  and c o n tro l to  some 

e x ten t the  d ire c t io n s  o f propagation and p o la r iz a t io n  o f th e  ra d ia tio n  

in s id e  the  c r y s ta l .

In some cases th i s  i s  f a i r l y  easy . The in f r a re d -a c t iv e  v ib ra 

t io n s  o f c r y s ta l l in e  polyethylene o f  sp ec ie s  b^^, bg^, and b^^ a re  

a sso c ia te d  w ith  changes in  d ip o le  moment p a r a l le l  to  th e  c , b , and 

a -a x e s , re s p e c tiv e ly . When po lyethy lene  i s  s tre tc h e d , th e  c r y s t a l l i t e s  

tend  to  be a lig n ed  so th a t  th e  c -ax es  a re  p a r a l le l  to  th e  d ire c t io n  o f 

s t r e tc h .  A s tre tc h e d  sample i s  o p t ic a l ly  u n ia x ia l ,  w ith  th e  o p tic  a x is  

p a r a l le l  to  th e  d ire c t io n  o f s t r e tc h .  R adiation  in c id e n t normal to  a 

su rface  p a r a l le l  to  th e  a x is  and p o la riz ed  e i th e r  p a r a l l e l  o r  perpen

d ic u la r  to  th e  s t r e tc h  d ire c tio n  w i l l  no t be r e f ra c te d  and w i l l  rmnain 

p o la riz ed  in  th e  same d ire c t io n .  Bands corresponding to  v ib ra tio n s  o f 

sp ec ie s  b^^  ̂ w i l l  have maximum in te n s i ty  when th e  ra d ia t io n  i s  p o la rised  

p a r a l le l  to  th e  s t r e tc h  d ire c t io n , and those  o f  sp ec ie s  b2u and bg^ w il l  

be most in ten se  when th e  ra d ia tio n  i s  p o la rized  p e rp en d icu la r to  th e  

s t r e tc h  d i r e c t io n .  The d ich ro ic  r a t i o  should become very  la rg e  as  th e  

alignm ent o f  th e  c-axes becomes more n ea rly  p e r f e c t .  Though the  

o r ie n ta t io n  i s  never com plete, extrem ely  high d ic h ro ic  r a t io s  have been 

observed fo r  some o f th e  polyethy lene bands. Such bands a re  sa id  to  

be "p o la riz ed "  in  th e  d ire c t io n s  fo r  which th ey  have maximum in te n s i ty .

In  th e  orthorhom bic n -p a ra f f in s , each o f  the th re e  in f r a r e d -  

a c tiv e  v ib ra t io n a l  sp ec ies  i s  a sso c ia te d  w ith  a  change in  d ip o le  moment 

p a r a l le l  to  one o f th e  th re e  axes o f th e  u n i t  c e l l .  Ihe p r in c ip a l  axes 

o f th e  d ie l e c t r i c  te n so r a re  a lso  p a r a l le l  to  th e se  axes (see Chapter I I ) .
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R ad ia tio n  in c id e n t normal to  a su rface  perpend icu lar to  one a x is , and 

p o la r iz e d  p a r a l le l  to  an o th er a x is ,  w il l  con tinue w ith  th e  same d ire c tio n  

and p o la r iz a t io n  in s id e  th e  c r y s ta l .  A spectrum ob ta in ed  w ith  th i s  

arrangem ent w il l  show bands corresponding to  v ib ra t io n s  o f  only  one 

sp e c ie s .

A s i tu a t io n  which a r i s e s  freq u e n tly  i s  th a t  in  which a mono

c l in ic  c ry s ta l  has one synmetry a x is ,  and two in f r a re d -a c t iv e  v ib ra 

t i o n a l  sp ec ie s  tAiose t r a n s i t io n  moments a re  p a r a l le l  and perpend icu la r 

to  t h i s  a x is ,  re s p e c tiv e ly . One o f  th e  p r in c ip a l axes i s  p a r a l le l  to  

th e  a x is  o f  symmetry, and two p lane c ry s ta l  su rface s  a re  p a r a l le l  to  

t h i s  a x is .  R ad iation  in c id e n t normal to  a  su rface  and p o la riz ed  p a ra l

l e l  o r  perp en d icu la r to  th e  a x is  o f  symmetry w i l l  n o t be doubly re f ra c te d  

and w i l l  r e ta in  i t s  p o la r iz a t io n . S pectra  ob ta ined  in  e i th e r  case w i l l  

in c lu d e  bands belonging to  only one v ib ra t io n a l  sp e c ie s .

In  such a m onoclinic c r y s ta l ,  though two o f  th e  p r in c ip a l  axes 

must be normal to  th e  symmetry a x is ,  t h e i r  d ir e c t io n s  a re  no t in  g enera l 

independent o f frequency. L ikew ise, though th e  change in  d ip o le  moment 

o f  th e  v ib ra tio n s  o f one sp ec ie s  has no component p a r a l le l  to  th e  a x is , 

i t  i s  n o t n e c e ssa r ily  a sso c ia te d  w ith  a d e f in i te  d ir e c t io n  p erp end icu lar 

to  th e  a x i s .  In a t r i c l i n i c  c r y s ta l ,  th e  d ire c t io n s  o f n e ith e r  the  

p r in c ip a l  axes nor th e  moments o f  th e  v ib ra tio n  can in  g en era l be p re 

d ic te d .  However, th e  m olecular synmetry o r o th e r  lo c a l  symmetry in  

m onoclinic and t r i c l i n i c  c r y s ta l s  sometimes allow s approxim ate d i r e c t 

io n s  to  be determ ined both f o r  th e  p r in c ip a l axes and th e  t r a n s i t io n  

moments.

I f  a  c r y s ta l  i s  cu t normal to  a p r in c ip a l a x is ,  ra d ia tio n
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in c id e n t p a r a l le l  to  t h i s  a x is ,  p o la rized  p a r a l le l  to  one o f  th e  o th e r 

p r in c ip a l axes w il l  con tinue in  th e  same d ire c tio n  and w il l  remain 

p o la riz ed , o r  nearly  so . I f  a  v ib ra tio n  has a t r a n s i t io n  moment tdiose 

component normal to  th e  d ire c t io n  o f propagation makes an angle  6 w ith 

one o f th e  p r in c ip a l ax es , th e  ab so rp tions observed a t  th e  v ib ra t io n a l  

frequency fo r  ra d ia tio n  p o la rized  p a r a l l e l  to  th e  two p r in c ip a l  axes 

a re  approxim ately given by an equation

k^/kg = cos2 0 /  s in2  e , where k]̂  and kg are  

th e  ab so rp tio n  c o e f f ic ie n ts .

I f  th e  v ib ra t io n  has a  change in  d ip o le  moment p a r a l l e l  to  one 

o f  th e  p r in c ip a l axes th e  abso rp tion  w i l l  be a maximum when th e  ra d i

a tio n  i s  p o la rized  p a r a l l e l  to  th a t  a x is  and zero idien i t  i s  p o la rized  

p a r a l le l  to  th e  o th e r .  I f  th e  v ib ra tio n  involves a la rg e  change in  

d ipo le  moment in  a d ire c t io n  o th e r than  a  p r in c ip a l  a x is , and i f  th e  

d iffe ren c e  in  th e  magnitude o f  th e  two p r in c ip a l axes i s  s l ig h t ,  th e  

abso rp tion  observed w ill  be a maximum when th e  in c id e n t r a d ia t io n  i s  

p o la rized  p a r a l l e l  to  th e  t r a n s i t io n  moment.

Though in  th ese  c a se s , th e  p o la r iz a tio n  o f  th e  r a d ia t io n  fo r  

maximum ab so rp tio n  in d ic a te s  th e  d ire c t io n  o f th e  t r a n s i t io n  moment, 

th i s  simple r e la t io n s h ip  does not always hold .

Ward^^ has shown th a t  i f  a band i s  weak and th e  d iffe re n c e  be

tween th e  in d ice s  g re a t ,  extrema o f ab so rp tio n  w i l l  be observed tdien th e  

r a d ia t io n  i s  p o la riz ed  p a r a l le l  to  th e  p r in c ip a l axes, re g a rd le ss  o f  th e  

d ire c tio n  o f  th e  t r a n s i t io n  moment. When th e  d ire c t io n  o f  th e  t r a n s i t io n

C. Ward, Proc. Roy. Soc. (London) A 228. 205 (1955).
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moment ie  very d if f e r e n t  from the  d ire c t io n  o f th e  p r in c ip a l  axee, 

however, th e  abeorp tion  w il l  vary l i t t l e  w ith th e  d ire c t io n  o f p o la r

iz a t io n  o f th e  ra d ia tio n , so th a t  i f  a la rg e  v a r ia t io n  i s  observed , 

i t  may be assumed th a t  th e  d ire c t io n  o f  p o la r iz a t io n  o f th e  in c id e n t 

ra d ia tio n  fo r  mATrimnin abso rp tion  approxim ates th e  d ire c t io n  o f  the  

t r a n s i t io n  moment o f  th e  v ib ra t io n .



CHAPTER I I

THE ŒOWTH AND PROPERTIES OF SINGLE CRYSTALS 

OF THE n-PARAFFINS AND n-FATTY ACIDS

C n ra ta l Growth Habita 

The n -p a ra ff in a  and n - f a t ty  acida  o r d in a r i ly  c i y a t a l l i i e  from 

a o lu tio n  a s  th in  flakes*  The p lan ar la y e rs  bounded by th e  methyl groups 

a re  p a r a l l e l  to  th e  su rface s  o f  th e  f la k e s , in d ic a tin g  th a t  m olecules 

a re  added more re a d ily  a t  th e  edges o f  a  la y e r  th a n  a t  i t s  su rfa c e .

C zy sta ls  in  uh ich  th e  methylene chains have th e  o r th o rh o a tic  

packing o f te n  have w e ll-d e fin ed  edges tdiich form a  para lle lo g ram . The 

c r y s ta ls  a re  shaped l i k e  th in  lozenges. On th e  su rfa c e , l i n e s  m ^  be 

observed idiich a re  pareQ lel to  th e  edges and which fo m  s p i r a l  p a t te rn s .  

These l in e s  a re  edges o f  growth te r r a c e s .  E lec tro n  microgrf^phs And 

in te r fe ro m e tr ic  s tu d ie s  o f th in  c z y s ta ls  have shown th a t  th e  h e ig h ts  o f  

th e  s te p s  a t  th e  te r r a c e  edges a re  in te g r a l  m u ltip le s  o f  th e  th ick n ess  

o f  a  monomolecular l a y e r . 62*63*64 j h i s  was in te rp re te d  to  mean th a t  

th e  c r y s ta ls  grow in  a  d ire c t io n  normal to  th e  la y e r s  by means o f  a

6 2 l .  M. Dawson e t  a l . ,  P roc. Roy. Soc. (London) A 206. 55 ( l9 5 l ) ;  
228, 539 (1955); 2 2 2 .  349 (1957).

6 3 s , Amelinckx, Acta C iy s t. 8 , 530 (1955); 2 . 16, 217 (1956).

64a,  R. Verma and P. M, Reynolds, Proc. Fhys Soc. (London) B 66,
414 (1953).

A, R. Verma, P roc . Roy. Soc. (London) A, 228. 34 (1955).
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screw d is lo c a t io n ,  so th a t  successive  la y e rs  a re  deposited  in  a shallow  

s p i r a l .

In  c r y s ta l s  o f some o f th e  n -p a ra ff in s  and n - f a t ty  a c id s , 

more th an  one r e la t iv e  o r ie n ta t io n  o f  th e  chains in  succeeding la y e rs  

i s  l i k e ly  to  o c c u r . F a i r l y  common cases a re  th ose  in  which successive  

la y e rs  a re  p a r a l l e l  o r ro ta te d  180° about an a x is  normal to  th e  la y e r s .

From a  study o f in te r la c e d  s p i r a ls  on th e  su rfaces  o f  c ry s ta ls  

o f t h i s  ty p e , Amelinckx has concluded th a t  th e  a l te rn a t io n  o f  th e  o r ie n 

ta t io n  i s  n o t always random, b u t th a t  a  p a r t ic u la r  stack ing  sequence 

p resen t in  i n i t i a l l y  deposited  la y e r s  may be propagated throughout th e  

c r y s ta l  by a  screw d is lo c a tio n .^ ^

In  s tu d ie s  o f  th e  m onoclinic form o f  n-Cg^Hyg and th e  B and C 

(m onoclinic) forms o f  docosanoic a c id , CH^(CH2 )20COOH, Amelinckx ob

served th a t  th e  su rfaces o f about f iv e  to  te n  percen t o f  th e  c ry s ta ls  

o f th e  n -p a ra f f in  and th e  B-form o f  th e  a c id  e x h ib ited  in te r la c e d  s p i r a ls  

idiich were taken  a s  an in d ic a tio n  o f a  rep ea ted  s tack ing  sequence. From 

measurements o f  th e  s te p  h e ig h ts  he was a b le  to  determ ine th e  sequence. 

R esu lts  in d ic a te d  th a t  th e  most common type  was th a t  in  which each suc

ceeding la y e r  was ro ta te d  180° w ith  re sp e c t to  th e  neighboring  la y e r ,  

both in  th e  n -p a ra f f in  and the  B-form o f  th e  a c id . Amelinckx observed 

no in te r la c in g  fo r  c ry s ta ls  o f th e  C-form o f  docosanoic a c id , however.

Of th e  c ry s ta ls  o f  the  n - f a t ty  a c id s  and n -p a ra ff in s  whose s tru c 

tu re s  have been determ ined, a l l  which have th e  lozenge shape have the  

orthorhom bic packing o f  th e  ch a in s . In  each case , th e  edges o f  th e  

la rg e  face  o f  th e  lozenge a re  p a r a l l e l  to  th e  d iagonals  o f  a  re c tan g le  

formed by th e  a -  and b-axes o f th e  u n i t  c e l l s ,  th u s  i f  0 i s  an in te red g e
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an g le ,

(1) ta n  0 / 2  = b /a  o r a /b .

These c r y s ta ls  a re  e i th e r  m onoclinic o r  orthorhom bic, and in  

each case the  p ro je c tio n s  o f  th e  a -  and b-axes upon a  plane normal to  

th e  chain  axes have the  dimensions o f th e  ao and bo suces o f th e  o rth o 

rhombic su b ce ll. Thus i f  6 i s  th e  angle between th e  chain  axes smd th e  

normal to  th e  ab -p lan e , e i th e r

(2) cos 6 = a o /a  and b = bg or

cos 6 = bo/b  and a = ao*

The va lues vdiich 6  may tak e  a re  l im ite d  to  those which süJLow 

f i t t i n g  o f ad jacen t chain s in to  th e  su b c e ll ,  so th a t

(3) s in  0 = n Co/a o r  n Co/b, where n i s  an in te g e r  and Co i s  th e

d is ta n ce  between nex t n e a re s t csurbon atoms in  a  chain .

From ( l )  and ( 2) ,  one can g e t equations o f  th e  type

(4) ta n  0 /2  = b /a  = b ^ /a  = b^ cos ©/ao*

Though th e  dim ensions sio and bo a re  no t p re c is e ly  th e  same fo r  a l l  c ry s 

t a l s  having the  orthorhom bic packing, a  good approxim ation to  a ,  b , and 

0 may be in fe r re d  from a known value o f 0 .  Of course, equation  (4) i s  

no t th e  only one which may be derived  from ( l )  and (2) j  however, equa

t io n  (3) h e lp s  make th e  choice unique.

Nowhere in  th e  preceding d iscu ss io n  was th e  c a x is  o f th e  u n i t  

c e l l  mentioned. The d ire c tio n  and magnitude o f t h i s  a x is  depend on th e

chain  leng th  and th e  o r ie n ta tio n  and sep a ra tio n  o f  ad jacen t la y e r s .

The magnitude o f  th e  in te red g e  ang les a re  thought to  provide a 

ra th e r  sp e c if ic  id e n t i f ic a t io n  o f  th e  c r y s ta l  form. I t  w i l l  be shown 

in  Chapter IV t h a t  th e  correspondence between th e  c ry s ta l  form and th e se
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ang les  i s  no t unique. N evertheless, the  in te redge  an g les  do in d ic a te  

th e  arrangem ent o f  th e  chain s, which helps in  id e n tify in g  th e  c ry s ta l  

form.64

T r ic l in ic  c ry s ta ls  o f  th e  n - f a t ty  ac id s  have been described  as  

re c tan g u la r  r o d s , a s  th ic k  p a ra lle le p ip e d s , and a s  p la te s  w ith i r r e g u la r  

e d g e s . M u l l e r  and Lonsdale? have noted th a t  t r i c l i n i c  c ry s ta ls  o f 

n-CigHgg tak e  th e  form of f la k e s  in  which the  chain  axes a re  s l ig h t ly  

t i l t e d  away from th e  normal to  th e  su rface  o f the  f la k e s .  L i t t l e  e ls e  

has been published  about the  re la t io n s h ip  between th e  c r y s ta l  s tru c tu re  

and the  girowth h a b its  o f c ry s ta ls  which have th e  t r i c l i n i c  chain  packing.

O ptica l P ro p e rtie s

Because o f th e  ro d lik e  shape o f an extended methylene chain , i t

i s  f a i r l y  c e r ta in  th a t  c ry s ta ls  o f  th e  long-chain  n -p a ra f f in s  and n - f a t ty

a c id s  in  which th e  chain  planes a re  p a r a l le l  w i l l  have one p r in c ip a l d i 

e le c t r i c  a x is  e i th e r  p re c ise ly  o r approxim ately p a r a l l e l  to  th e  chain

a x e s .66

This i s  req u ired  by th e  c r y s ta l  synmetry in  th e  orthorhombic 

n -p a ra f f in s , where one symmetry a x is  i s  p a r a l le l  to  th e  chain  axes and

th u s  a lso  p a r a l le l  to  th e  c -a x is  o f  th e  u n it  c e l l .  There a re  r e f le c t io n

p lanes o f  symmetry normal to  the  a -  and b -ax es, 'vdiich re q u ire s  th a t  th e  

o th e r two p r in c ip a l d ie le c t r ic  axes be p a r a l le l  to  th e se  two c ry s ta llo g ra p h ic

65e , von Qydow, Acta C ryst. 2» 529 (1954)«

66See fo r  example N, H. Hartshom e and A. S tu a r t ,  C ry s ta ls  and 
th e  P o la riz in g  Microscope. Third E d ition  (London; Edward Arnold, L td .,
I960T:
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axs8. The monoclinic forms o f the  even-nuM)ered n -p a ra ff in s  and n - f a t ty  

ac id s  each have a screw r o ta t io n  a x is  p a r a l le l  to  one a x is  o f  the  u n it  

c e l l .  In  th e  m onoclinic n -p a ra f f in s  and th e  B-form o f  the  a c id s , t h i s  

a x is  i s  p a r a l le l  to  th e  a -a x is  idiich i s  th e re fo re  p a r a l le l  to  one o f 

th e  p r in c ip a l  axes. In  th e  C-form o f  th e  f a t t y  a c id s , th e  a x is  o f  ro 

ta t io n  i s  p a r a l le l  to  th e  b -a x is ,  th u s  th e  b -a x is  i s  p a r a l le l  to  a 

p r in c ip a l  a x is  in  t h i s  form. I f  one a x is  i s  p a r a l le l  to  th e  chains, 

s in ce  the  symmetry a x is  in  each case  i s  p erpend icu lar to  th e  chain  ax es , 

a l l  th e  p r in c ip a l axes in  th e se  c ry s ta ls  should be frequency-independent. 

This conclusion  i s  supported by th e  f a c t  th a t  th e  orthorhom bic su b ce ll 

vdiich d esc rib es  th e  chain  packing would fo r  in f i n i t e l y  long chains have 

a screw a x is  o f  r o ta t io n  p a r a l le l  to  th e  chain axes.

The u n it c e l l s  o f  th e  t r i c l i n i c  n -p a ra ff in s  and n - f a t ty  a c id s  

have a t  b e s t a  c e n te r  o f syonietry. However, a l l  chain  axes and chain  

p lanes a re  p a r a l l e l .  The f i n i t e  chain s have a r e f le c t io n  in  the  s k e le ta l  

p lan e , and i f  th e  chains were i n f i n i t e  they  would have one screw a x is  

o f symmetry p a r a l le l  to  th e  chain  and two o rd in ary  ro ta t io n  axes p a ra l

l e l  and perp en d icu la r to  th e  s k e le ta l  p lan e . I t  seems f a i r l y  c e r ta in  

th a t  th ese  th re e  d ire c t io n s  a re  th e  d ire c t io n s  o f th e  p r in c ip a l  axes in  

th e  t r i c l i n i c  c r y s ta l s .

The o p t ic a l  p ro p e r tie s  h e lp  in  th e  determ ina tion  o f the  c ry s ta l  

form and in  th e  s e le c t io n  o f  c r y s ta ls  s u i ta b le  fo r  s tudy . When the 

c r y s ta ls  a re  examined between crossed  p o la r iz e r s ,  th e  d ire c tio n s  fo r  

extincticH i o f w hite l i g h t  a re  u s e fu l in  determ ining d ire c t io n s  o f  c ry s

ta llo g ra p h ic  axes and chain  ax es . Macroscopic tw inning can o f te n  be 

d e tec ted  by th e  f a i lu r e  to  o b ta in  complete e x tin c tio n  o f v is ib le  l i g h t .
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In  most c ase s , tw in  boundaries can be thrown in to  r e l i e f  by ex tin g u ish 

ing  l ig h t  passing through one o f  th e  tw in s , so th a t  homogeneous p o rtio n s  

can be se le c ted  f o r  u se . For a p a r t ic u la r  c ry s ta l  form and o r ie n ta t io n , 

th e  co lo r o f  th e  tra n sm itte d  r a d ia t io n  depends upon th e  path  len g th  in  

th e  c r y s ta l .  This p ro p erty  h e lp s  in  se le c tin g  c ry s ta ls  o f  a d esired  

th ic k n e ss .

C ry s ta l Growing; G eneral Techniques 

One reason th a t  th e re  have been so few attem pts to  study th e  sp ec tra  

o f  s in g le  c ry s ta ls  of compounds having long  methylene chains i s  th a t  i t  i s  

d i f f i c u l t  to  grow s in g le  c ry s ta ls  o f  th e  proper s iz e  and q u a lity  fo r  

spec tro scop ic  s tu d y . Id e a lly , a sample should be a p e r fe c t s in g le  c ry s 

t a l  w ith smooth su rfa c e s , la rg e  enough to  admit th e  beam from th e  sp ec tro 

m eter and th ic k  enough to  have s u f f ic ie n t  absorbance.

The development o f  the  r e f le c t in g  microscope fo r  use w ith  the 

Ferkin-Elm er spectrom eter g re a tly  reduced the  a rea  requirem ent fo r  

sam ples. A c ry s ta l  one mi l l i me t e r  square can tak e  advantage o f  the  

e n t i r e  beam. For th e  m a te r ia ls  t r e a te d  in  th e  p resen t work, i t  has 

o rd in a r i ly  been easy to  s e le c t  samples which a re  e s s e n t ia l ly  s in g le  

c r y s ta l s .  The problem has u su a lly  been th a t  o f g e tt in g  c ry s ta ls  th ic k  

enough. Though some s tro n g  bands may be observed w ith  c ry s ta ls  1-10 

m icrons in  th ic k n e ss , observation  o f  many o f the  bands req u ire  samples 

0 .1  to  1 .0  mm th ic k .

Three common c r y s ta l  “growing techniques were used: c r y s t a l l i 

za tio n  by coo ling  a m elt, evaporation  o f  so lv en ts  from so lu tio n , and 

th e  cooling o f a so lu tio n .

Good c ry s ta ls  o f m a te r ia ls  which m elt n ear room tem perature.
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such as the  n -p a ra f f in s  and C2o H ^  were o b ta ined  by cooling a

m elt. C ry s ta ls  o f  the  la rg e r  m olecules ob tained  from th e  m elt we ire 

g en e ra lly  in f e r io r  to  those  grown from a s o lu tio n .

Of the two so lu tio n  tech n iq u es , evaporation  o f th e  so lven t gave 

more s a t i s f a c to ry  r e s u l ts  than th e  cooling  o f a  s o lu tio n . C o n tro llin g  

th e  evaporation  r a te  a t  a constan t tem perature i s  e a s ie r  than  c o n tro llin g  

th e  cooling r a t e .  A lso, a change in  tem perature i s  o f te n  accompanied 

by a change in  th e  growth h a b its  and sometimes even in  th e  s tru c tu re  o f 

th e  c ry s ta ls  being dep o sited . This may be prevented by using  a narrow 

cooling  range, b u t to  g e t th ic k  c ry s ta ls  then  re q u ire s  a  so lven t in  

vdiich th e  m a te r ia l i s  h igh ly  so lu b le . This in c re a se s  th e  p ro b a b ility  

th a t  th e  c ry s ta ls  w i l l  be red isso lv ed  o r grow to o  ra p id ly  w ith  small 

tem perature f lu c tu a t io n s .  A lso, i f  c ry s ta ls  a re  removed from a concen

t r a te d  so lu tio n , th e  su rfaces  become clouded w ith  t in y  c r y s t a l l i t e s  

produced by ev ap o ra tio n . This can sometimes be preven ted  i f  th e  c ry s 

t a l s  a re  qu ick ly  d rained  on absorbent t i s s u e  o r  washed in  a  poor so lv en t. 

When c ry s ta ls  a re  produced by evapo ra tion  a t  a co n stan t tem per

a tu re ,  th e re  a re  e s s e n t ia l ly  only th re e  c o n tro l f a c to r s ,  th e  choice o f 

so lv e n t, th e  tem peratu re, and th e  evaporation  r a t e .  The f i r s t  two a re  

periiaps more c r i t i c a l ,  s in ce  th ey  sometimes determ ine th e  c r y s ta l  form. 

A ll th re e  f a c to rs  a f f e c t  th e  s iz e  and q u a li ty  o f  th e  c r y s ta ls .

O rd in a rily , th e  slower th e  evaporation  r a te  th e  b ig g e r and b e t te r  

th e  c r y s ta l s .  Since th e  growing process i s  time-consuming a t  b e s t ,  i t  

i s  d e s ira b le  to  choose a  fav o rab le  so lven t and tem perature be fo re  

a ttem p ting  to  grow la rg e  c r y s ta l s .  This i s  la rg e ly  a m a tte r o f  t r i a l  

and e r ro r .  The procedure used here co n sis ted  o f  forming «nail c ry s ta ls
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by ra p id ly  coo ling  so lu tio n s  in  a v a r ie ty  o f so lv en ts . The c r y s ta l s  

formed were examined under a microscope, o fte n  during c r y s ta l l i z a t io n .  

When th e  smaTT c ry s ta ls  grown under th ese  co n d itio n s  were o f good 

q u a lity  th e  d ep o sitio n  tem perature was v a ried  hy changing th e  concen

t r a t io n  u n t i l  an optimum range c h a r a c te r is t ic  o f  th e  so lven t (and so lu te )  

was determ ined. Only then was an a t te n ç t  to  grow la rg e  c r y s ta ls  made.

Though slowing th e  evaporation  u su a lly  r e s u l t s  in  b e t t e r  c r y s ta ls ,  

i t  should not proceed so slowly th a t  tenqjerature  f lu c tu a tio n s  in  th e  

th e rm o sta t cause uns a tu ra t io n . I f  th e  c ry s ta ls  a re  p a r t i a l ly  d isso lv ed  

during growth they  a re  in v a r ia b ly  im perfect* T heir presence w i l l  p re 

vent new c r y s ta ls  from form ing, and th e  vdiole l o t  w i l l  be ru in ed .

The procedures used fo r  growing c ry s ta ls  o f p a r t ic u la r  compounds 

fo llow s. Unless otherw ise sp e c if ie d , th e  co n d itio n s  described  a re  th o se  

under which th e  b e s t c ry s ta ls  were produced.

Procedures f o r  P articuT ar M ate ria ls

M onoclinic c ry s ta ls  o f  n-C^^Hy^ up to  1 /2  cn>2 in  a rea  and up 

to  0 .1  mm in  th ick n ess  were produced by cooling a xylene so lu tio n  s a tu 

ra te d  a t  30° C down to  27° o v e rn ig h t. Sm aller, bu t th ic k e r  (up to  0 .5  

mm) c ry s ta ls  were grown by evaporation  to  dryness o f a  so lu tio n  in  

isop ropy l e th e r  a t  25° C. The evaporation  took about th re e  days f o r  

20 cm  ̂ o f  so lu tio n .

M onoclinic c ry s ta ls  o f  n-C^H^^ up to  80 microns in  th ic k n e ss  

were produced by evaporation  o f a  xylene so lu tio n  a t  48°  C. The evapo

ra t io n  took two days fo r  15 cnP o f so lu tio n .

Orthorhombic c ry s ta ls  o f  up to  1 mm in  th ick n ess  were
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grown by evaporation  in  an acetone  so lu tio n  a t  a  tenqperature o f  35° C. 

Thinner but more re g u la r  c r y s ta ls  were ob tained  evaporation  o f  a 

so lu tio n  in  30°-60° C petroleum  e th e r  a t  a  teuqjerature around 25° C.

T r ic l in ic  c ry s ta ls  o f  n-C^gH^g and were ob ta ined  by

cooling  m e lts .

The monoclinic C-forms o f s te a r ic  and p a lm itic  ac id  were c ry s

t a l l i z e d  by evaporation  o f  an iso p ro p y l e th e r  so lu tio n  a t  27° C. Crys

t a l s  up to  1 mn in  th ic k n e ss  were ob ta ined .

C ry s ta ls  o f s te a r ic  and p a lm itic  a c id  having th e  m onoclinic 

B -fo m  were produced by evaporating  so lu tio n s  in  CSg a t  18° C. Both 

th e  B- and A-forms o f p a lm itic  and s te a r ic  a c id  c r y s ta l l iz e d  Wien a 

so lu tio n  in  CSg was evaporated  a t  -9° C. In  bo th  o f  th e se  cases  i t  

was p o ss ib le  to  s e le c t  c r y s ta ls  up to  about 0 .1  am in  th ic k n e ss , tdiich 

was s u f f ic ie n t  fo r  th e  sp ec tro sco p ic  woiic.

D euterated s te a r ic  a c id , CH^(CH2)igC00D, was made by f i r s t  

dehydrating  s te a r ic  a c id  w ith  a c e t ic  anhydride and then  m elting  th e  

s te a r ic  anhydride in  c o n tac t w ith  D2O. In  so lu tio n  in  o rd in a ry  o r 

ganic re a g e n ts , th e  deuterium  was ra p id ly  rep laced  by hydrogen. C ry s ta ls  

o f  th e  C-form in  which th e  a c id  was n e a rly  com pletely d e u te ra te d  were 

produced by evaporation  o f  a  s o lu tio n  in  e th y l e th e r  which had been 

dehydrated w ith  m e ta llic  sodium. S o lu tion  and evaporation  were c a r r ie d  

ou t w ith  th e  e th e r f lo a t in g  on a  la y e r  o f  D2O,

Thou^ th e  B-form was thought to  c r y s ta l l i z e  most r e a d i ly  from 

a no n -p o la r so lv en t, i t  was n o ticed  th a t  c ry s ta ls  which had th e  i n t e r 

edge ang le  o f  74° thought to  be c h a r a c te r is t ic  o f  th e  B-form were formed 

when an iso p ro p y l e th e r  s o lu tio n  o f  s te a r ic  a c id  was evaporated a t  0° C.
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In  an a ttem p t to  grow d eu te ra ted  c ry s ta ls  o f  th e  B-form using  th e  ex

perim ental arrangem ent a lread y  p repared , some o f th e  c ry s ta ls  o f  th e  

d eu te ra ted  a c id  were re d is so lv e d , and th e  so lu tio n  evaporated over D2O 

a t  a  tenqperature a  few degrees above 0° C. C ry s ta ls  o f  th e  d e u te ra te d  

a c id  which appeared to  have th e  B-form were grown.



CHAPTER III

THE INFRARED SPECTRA OF SINGLE CRYSTALS 

OF THE n-PARAFFINS

The M onoclinic Form o f n-C^^Hy^

The u n it c e l l  o f  m onoclinic n-C^^Hy^ i s  d escribed  in  Chapter I .  

There a re  two m olecules per u n i t  c e l l ,  and the  chains have the  o rth o 

rhombic packing. The two sh o rte r  axes o f th e  u n it  c e l l  a re  orthogonal 

and have been designated  by th e  l e t t e r s  a and b , th e  a -a x is  being th e  

lo n g er o f  th e  two. The methylene chains a re  nearly  p a r a l l e l  to  the  

c -a x is ,  which i s  normal to  th e  a -a x is  bu t makes an ang le  o f  61° with 

th e  b -a x is .

Monoclinic c r y s ta ls  o f n-C^^Hy^ grown here had the common 

lozenge shape w ith  th e  acu te  in te red g e  angle o f 74° c h a r a c te r is t ic  o f
g

t h i s  c ry s ta l  form. The a -  and b-axes o f th e  u n it  c e l l  l i e  in  a plane 

p a r a l le l  to  the  la rg e  face  o f  th e  lozenge and a re  p a r a l l e l  to  the  b i 

s e c to rs  o f  i t s  acu te  and obtuse in te red g e  an g les , re s p e c tiv e ly . The 

c -a x is  i s  th e re fo re  t i l t e d  29° away from the  normal to  th e  c ry s ta l  su r

fa c e , toward th e  b -a x is .  The axes o f th e  methylene chains a re  p a r a l le l  

to  th e  be-p lane and nake an angle  o f about 27° w ith  a  normal to  the  su r

fa c e .

The m onoclinic u n i t  c e l l  has an in v e rs io n  c e n te r , a twofold 

screw ro ta t io n  a x is  p a r a l l e l  to  th e  a -a x is ,  and a g l id e  r e f le c t io n

53
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plane perpend icu lar to  th i s  a x is .  The u n it  c e l l  group i s  isomorphic 

to  th e  po in t group C211. The u n it c e l l  group fundame n ta ls  a re  Raman- 

o r  in f ra re d -a c tiv e  according  to  t h e i r  symmetry o r antisymmetry w ith 

re sp ec t to  th e  in v e rs io n . The in f ra re d -a c t iv e  v ib ra tio n s  th a t  a re  

sy n netric  w ith  re sp ec t to  a  screw ro ta t io n  belong to  sp ec ies  a^ . Those 

th a t  a re  antisym m etric w ith  re sp ec t to  such a  ro ta t io n  belong to  species 

b^. In v ib ra tio n s  o f  one sp ec ie s , th e  motions o f  th e  two m olecules in  

a u n it c e l l  a re  in -p h ase , w hile in  v ib ra tio n s  o f  th e  o th e r , th e  two move 

ou t-o f-p h ase . V ib ra tions o f  species a^ a re  p o la rized  p a r a l le l  to  the  

a -a x is  and those o f sp ec ie s  b^ a re  p o la rized  p e rp en d icu la r to  th e  a - a x is .

The spectrum o f a  monoclinic c r y s ta l  o f n-C^^Hy^ between 700 

and 1500 cm 'l i s  shown in  F ig . 3 -1 . To o b ta in  t h i s  spectrum , a  c ry s ta l  

was mounted in  th e  in f ra re d  microscope so th a t  th e  a x is  o f the  cone o f 

ra d ia tio n  was normal to  th e  su rface  o f  the  c r y s ta l .  The s o lid  and broken 

curves rep re sen t reco rd s  obtained w ith  ra d ia tio n  p o la riz ed  p a r a l le l  to  

th e  a -  and b -ax es, re sp e c tiv e ly . Bands appearing in  th e  so lid  curves 

a re  th e re fo re  caused by v ib ra tio n s  o f  species a^ , and th o se  in  th e  broken 

curves rep resen t v ib ra tio n s  o f sp ec ies  b^.

Though th e  a^  v ib ra tio n s  a re  p o la rized  s t r i c t l y  p a r a l le l  to  th e  

a -a x is ,  the  change in  d ip o le  moment a sso c ia te d  w ith  v ib ra tio n s  o f spec ies  

b^ may have conqionents both  p a r a l le l  to  th e  b -a x is  and normal to  th e  

ab -p lane. In  o rd er to  study th e  p o la r iz a t io n  o f th e  bu bands, a  c r y s ta l  

was s lic e d  p a r a l le l  to  th e  bc-p lane. A s l ic e  was mounted in  the  in f r a 

red  microscope so th a t  th e  a x is  o f th e  beam o f p o la riz ed  ra d ia tio n  was 

p a r a l le l  to  th e  a - a x is .  Spectra obtained  w ith th e  e l e c t r i c  v ec to r making 

ang les  o f  0 ° , t l 5 ° ,  Î 30° ,  È45°, Î60° and 90° w ith  th e  b -a x is  showed th a t
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th e  ab so rp tio n  depends on th e  magnitude o f  th e  an g le , bu t not on i t s  

s ig n .

An exam ination o f th e  e z y s ta l  s l i c e s  between c rossed  p o la r iz e r s  

rev ealed  th a t  w hite l ig h t  in c id e n t p a r a l l e l  to  th e  a -a x is  was ex tingu ished  

lAen the  e le c t r i c  v e c to r was p a r a l le l  o r  perpend icu la r to  th e  b -a x is .

L ig h t in c id e n t normal to  the  ab -p lane was ex tinguished  when th e  e le c t r i c  

v e c to r  was p a r a l le l  to  th e  a -  o r  b -a x e s . These o b servations were i n t e r 

p re ted  to  mean th a t  about h a lf  th e  m olecular la y e rs  in  th e  c r y s ta l  a re  

ro ta te d  180° w ith  re sp e c t to  th e  o th e rs  about an ax is  normal to  th e  

a b -p lan e . The a -  and b-axes o f u n i t  c e l l s  in  each la y e r  would th en  s t i l l  

be p a r a l l e l ,  bu t th e  t i l t  o f  th e  ch a in  axes away from th e  normal would 

a l te r n a te  between l27°*

Twinning o f  t h i s  s o r t  has been rep o rted  by Shearer and Vand 

fo r  n-C^^Hy^, and Amelinckx has proposed such v a r ia tio n s  to  ex p la in
63p a tte rn s  on th e  su rface  o f m onoclinic c r y s ta ls  o f n-Cg/^Hyg.

Whether t h i s  a l te rn a t io n  o f  chain  t i l t  i s  random tw inning o r 

th e  re g u la r  s tru c tu re  proposed ty  Amelinckx i s  not known. I t  i s  c e r ta in  

th a t  a l l  c r y s ta l  s l ic e s  examined here  showed no evidence o f a predomi

nance o f e i th e r  t i l t  d ir e c t io n .  Band maxima and minima in  th e  sp ec tra  

o f  th e  c r y s ta l  s l ic e s  were always observed Wien th e  e le c t r i c  v e c to r  o f  

th e  r a d ia t io n  was a lig n ed  e i th e r  p a r a l l e l  o r perpend icu la r to  th e  b -a x is .

In  F ig . 3-2  i s  shown th e  a b so rp tio n  observed fo r  th e se  two o r ie n 

ta t io n s  o f  th e  c ry s ta l  s l i c e s .  Since th e  ang le  between th e  b -a x is  and 

th e  chain  axes i s  63° ,  bands corresponding to  v ib ra tio n s  p rim arily  per

p en d icu la r to  th e  chain  axes should be most in te n se  when th e  ra d ia t io n  

i s  p o la r iz e d  p a r a l le l  to  th e  b -a x is . Bands corresponding to  v ib ra tio n s
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TABLE 3-1 
INFRARED SPECTRUM OF MONOCLINIC

Wave Intensity 
Number

(a) Symmetry^Polarization^^) Interpretation 
Species

719
729
741
744
754
755
776
777 
805
837
838
872
873

890

907
909
943
946
977
982

vs
vs
w
w
w

w

w

w
w

w

w

w

m

w

w

w

vw

vw

"u

*>u

«U

bu

«U

bu» ®u

bu

«U

b„
au

®u

bu

bu

®u

bu

au

bu

bl

b
b
h\

X  a b ^  

1 
1 
‘)

R (CH2 Rocking)

R

R

R

R

CH3 Rocking Parallel 
to the Skeletal Plane

R
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TABLE 3-1 (Continued)

Wave
Number

(a)In te n s ity .  (b)Symmetry
Species

(c)
P o la r iz a tio n In te rp re ta t io n

994 vw ab S (C-C S tre tch in g )

1009 vw bu b, la b R, S

1013 w Lab a
1023 w bu.a„ i« b s
1032

1034

vw

vw

bu

*u

b, l a b j
R

1047 w bu.au l a b S

1064 m-w bu,«u 1  ab S

1100 m-w bu,«u 1  ab S

1130 m-w bu»®u l a b s
1176 vw bu T (CH2 Tw isting)

1182 vw by.au l a b V (CH2 Wagging)

1200 vw 1 ab W

1219 vw bu'«u la b W

1238 vw i  ab W

1243 vw bu'*u T

1257 vw la b W

1261 vw by, ay l a b T

1273 vw bu.ay 1 ab W

1300 vw bu»*u l a b W

1340 vw •u

1368

1378

m

w

bu

«U
'  1 
l a b J

CH3 Symmetric 
Deformation
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TABLE 3-1 (Concluded)

Wave
Number

(a)In te n s i ty Symmetry^**)
Species

(c)P o la r iz a tio n  In te rp re ta t io q

1447 V bu 1 CHg Asymmetric
1457 w «U J Deformation

1463 vs bu b'
CH2 Deformation

1473 vs ®u

(a ) The ab b rev ia tio n s v,8,w ,m , mean very. s tro n g , weak, and medium.

re sp e c tiv e ly .

(b ) V ib ra tio n s  o f sp ec ie s  a^ a re  p o la riz ed  p a r a l le l  to  the  a -a x is , 

those o f sp ec ies  b^ a re  p o la rized  p e rp en d icu la r to  the  a -a x is .

(c ) The symbols b, Xab in d ic a te  th a t  the  b^ bands a re  p o la rized  

predom inantly p a r a l l e l  to  the  b -ax is  o r p erpend icu lar to  the  

ab -p lane.
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p a r a l l e l  to  the  chain  axes should have maximum in te n s i ty  irdien the  

ra d ia tio n  i s  p o la riz ed  normal to  th e  b -a x is .

The freq u en c ies , r e la t iv e  i n t e n s i t i e s ,  and symmetry sp ec ie s  o f  

th e  bands which appear in  F ig s . 3-1 and 3-2 a re  l i s t e d  in  Table 3 -1 .

The p o la r iz a t io n  o f  th e  b^ bands observed in  F ig . 3-2 i s  in d ic a ted  by 

th e  symbols b or j .a b , showing th a t  th e  bands have maximum in te n s i ty  

when th e  ra d ia tio n  i s  p o la rized  p a r a l l e l  to  th e  b -a x is  o r  perpend icu lar 

to  th e  ab-p lane.

Also included  in  Table 3-1  a re  th e  assignm ents, which in  th e  

fo llow ing  pages w i l l  be r e la te d  to  th e  p o la r iz a t io n  observed and com

pared  w ith p rev ious work.

C onsisten t w ith  th e  work o f Brown e t  and S n y d e r^  on

n -p a ra f f in s  w ith s h o r te r  ch a in s , a s e r ie s  o f  doub le ts  in  F ig . 3-1 w ith 

au and b^ components about equal in  in te n s i ty  have been a t t r ib u te d  to  

methylene rocking v ib ra t io n s .  The s e r ie s  o r ig in a te s  in  th e  s trong  

dou b le t a t  719 and 729 cm“l ,  and ap p aren tly  te rm in a tes  w ith  th e  bands 

a t  1032 and 1034 cm“l .  In  F ig . 3 -2 , th e  b^ components o f  most o f  th e  

d o u b le ts  a re  more in te n se  in  th e  s o lid  curve, which would be e:q)ected fo r  

rock ing  v ib ra tio n s , s in ce  the  motion i s  perpend icu lar to  th e  chain  axes. 

The assignm ents o f th e  l a s t  two members o f  th e  s e r ie s ,  a t  1009 and a t  

1032 and 1034 cm"! were based on th e i r  freq u en cies  (see the  s e c tio n  o f 

t h i s  Chapter on th e  rocking  freq uencies o f  n-C^gH^g) and appearance 

in  F ig . 3-1 and cannot be ju s t i f i e d  by t h e i r  p o la r iz a t io n  in  F ig . 3 -2 . 

Both a re  near s tro n g e r bands p o la rized  perp en d icu la r to  th e  ab -p lan e .

Qy comparing th e  freq uencies o f  members o f  th e  s e r ie s  w ith those  

o f  band sequences observed in  th e  sp ec tra  o f  sh o rte r  c h a i n s , t h e
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number o f  rocking fundam entals overlapping th e  s tro n g  doublet was found 

to  be s ix . With the eleven rem aining d o u b le ts , a l l  seventeen in f r a r e d -  

a c t iv e  rock ing  doub le ts  o f a re  accounted f o r .

Both th e  sep ara tio n  and th e  o rder o f th e  a^ and b^ components 

o f  th e  rocking  doub le ts  vary over the  s e r ie s .  Beginning w ith the  s tro n g  

bands a t  719 and 729 cm“l ,  th e  b^ conqwnent o f  each doublet has a f r e 

quency lower th an  th a t  o f  th e  a ^  component, and th e  sep a ra tio n  d ecreases 

w ith  in c re a s in g  frequency in  th e  f i r s t  two h ig h e r d o u b le ts . In  th e  

nex t do ifc le t, a t  776 and 777 cm~l, th e  a^ conqwnent has lower frequency. 

The sep a ra tio n  i s  e s s e n t ia l ly  zero a t  805 cm~l. In  th e  h igher frequen

cy d o u b le ts , th e  o rder o f  a^ and b^ components i s  ag a in  the  same a s  

fo r  th e  s tro n g  d o u b le ts , and throughout most o f  th e  s e r ie s  the  s p l i t t i n g  

in c re a se s  w ith  in c reas in g  frequency. This beh av io r o f  th e  rocking doub

l e t s  i s  r e la te d  to  th e  c ry s ta l  s tru c tu re  and i s  d iscu ssed  in  Appendix I I I ,

A band a t  890 cm”^ i s  e a s i ly  d is tin g u ish ed  from the  rocking 

s e r ie s  by i t s  in te n s i ty  and p o la r iz a t io n . I t  must be regarded as  a  

d o u b le t, s ince  i t  appears in  both  curves shown in  F ig . 3 -1 , though th e  

sep a ra tio n  o f th e  a^  and bu components i s  n e g l ig ib le .  Bands a t  t h i s  

p o s itio n  have been a t t r ib u te d  to  rocking o f th e  m ethyl groups e i th e r  

p a ra lle l^ ^  o r p e rp e n d ic u la r^  to  the  s k e le ta l  p lan e . I f  i t  were o u t-  

o f-p lan e  i t  should be p o la riz ed  perpend icu lar to  th e  chain  ax es , l i k e  

th e  methylene rocking v ib ra t io n s , and i t s  in te n s i ty  would be expected 

to  show about th e  same dependence on the  d ir e c t io n  and p o la r iz a t io n  o f  

th e  r a d ia t io n . In  F ig . 3-1 th e  a^ and b^ bands a t  890 cm“^ do not have 

th e  same in te n s i t i e s ,  a s  do the  two conqx>nents o f  th e  rocking d o ub le ts .

The au band i s  more in te n s e . A lso, in  th e  spectrum  ob ta ined  w ith th e
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r a d ia t io n  in c id e n t p a r a l le l  to  th e  a -a x is  (F ig . 3 -2 ) ,  the  conqponent 

has a h ig h e r in te n s i ty  vhen th e  ra d ia tio n  i s  p o la r iz e d  normal to  th e  

ab -p lan e . These r e s u l t s  show th a t  th e  v ib ra tio n  has a change in  d ip o le  

moment n e i th e r  s t r i c t l y  p a r a l l e l  nor s t r i c t l y  p e rp en d icu la r to  the  chain  

ax es . I f  th e  band i s  produced by methyl rock ing , i t  must th e re fo re  be 

in -p lan e  rock ing , a s  suggested by Sheppard.

The bands between 1000 and U i,0  cm~^ no t a sc rib ed  to  methylene 

rocking a re  ass igned  a s  s k e le ta l  s tre tc h in g  v ib ra t io n s .  None o f th e se  

bands show any ap p rec iab le  sep a ra tio n  o f a^  and b^ components, which 

in d ic a te s  th a t  th e  v ib ra tio n s  invo lve  l i t t l e  m otion o f  hydrogen atoms 

perp en d icu la r to  th e  chain  ax es . A lso, a t  each frequency , th e  a b so rp tio n  

o f  ra d ia t io n  p o la riz ed  p a r a l l e l  to  th e  a -a x is  i s  about equal to  th a t  fo r  

r a d ia t io n  p o la r iz e d  normal to  th e  ab -p lan e . This in d ic a te s  th a t  th e  

v ib ra t io n s  a re  probably p a r a l le l  to  th e  s k e le ta l  p lane . The in te rp re 

t a t io n  given i s  th e re fo re  c o n s is te n t w ith  th e  behavior o f th e se  bands.

The s trong  a^-b^  doub le t a t  I 463 and 1473 cm“l  has been a s 

c rib ed  to  methylene d e f o r m a t i o n . ^ * ^ 0  Though i t  was d i f f i c u l t  to  ge t 

s l i c e s  th in  enough to  study  th e  p o la r iz a t io n  o f  th e  bu components, th e  

band a t  1463 cm-1 (see P ig . 3 -2) appears to  be more in te n se  in  th e  reco rd  

o b ta ined  w ith  th e  r a d ia t io n  p o la rized  p a r a l l e l  to  th e  b -a x is .  The com

p a riso n  o f  in t e n s i t i e s  i s  made more d i f f i c u l t  by th e  presence o f  the  

shou lder a t  1447 cm~^. The o r ig in  o f th e  l a t t e r  band w i l l  be d iscussed  

l a t e r .

Between I I 30 and 1350 cm“^ in  F ig . 3 -1 , s ev e ra l weak bands may 

be seen . Bands in  t h i s  frequency range in  th e  sp ec tra  o f th e  n -p a ra ff in s  

w ith  sh o r te r  chains have been a t t r ib u te d  to  m ethylene wagging and tw is t 

i n g , 13,44 Ho re g u la r ly  spaced s e r ie s  such as  th o se  assigned  by Snyder
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as  CHg wagging can be d isce rn e d . In  th e  spectrum  o f the  s l ic e d  c r y s ta l  

shown in  F ig . 3 -2 , however, a  s e r ie s  o f bands a re  seen %diich a re  p o la r 

ized  normal to  th e  a b -p la n e . Though th e  m ethylene wagging v ib ra t io n s  

may have c o n ^ n e n ts  bo th  p a r a l l e l  and p e rp en d icu la r to  the  chain  a x es , 

th e  tw is tin g  v ib ra tio n s  should be p e rp en d icu la rly  p o la riz ed . This 

s e r ie s  o f  bands i s  th e re fo re  a sc rib ed  to  m ethylene wagging.

The rem aining bands between 1100 and 1350 cm”^ have been some- 

Wiat a r b i t r a r i l y  assigned  a s  methylene tw is tin g  modes. Thqr a re  so 

weak th a t  i t  has not been p o ss ib le  to  determ ine t h e i r  p o la r iz a t io n  

p re c is e ly .

In  F ig . 3 -1 , a band o f  about medium in te n s i ty ,  p o la rized  p a ra l 

l e l  to  th e  b -a x is ,  i s  seen a t  1368 cm~^, and a  weaker band, p o la riz ed  

p a r a l le l  to  th e  a - a x is ,  i s  a t  1378 cm~l. Krimm e t  al.^®  have observed 

th e  p o la r iz a t io n  o f  th e se  two bands. Thqr assigned  th e  band a t  1378 cm~^ 

a s  sym m etrical m ethyl deform ation  and th a t  a t  1368 cm~^ as  the  most in 

te n se  wagging fundam ental. I t  was thought th a t  th e  l a t t e r ,  which should 

be p o la rized  p a r a l le l  to  th e  chain  axes, appeared b -p o la rized  because 

o f  th e  t i l t  o f th e  chains tow aN  th e  b -a x is .

In  F ig . 3 -2 , th e  band a t  1368 cm~l does no t appear in  th e  reco rd  

ob ta ined  w ith  th e  r a d ia t io n  p o la riz ed  normal to  th e  ab -p lane . I t  can

n o t, th e re fo re , be a  p a r a l le l  band, and i t s  assignm ent a s  th e  CH2 

wagging mode must be d isca rd ed .

In  the  spectrum  o f a  m onoclinic c r y s ta l  o f  n-C^^H^^, ob ta ined

in  th e  same manner a s  th a t  o f  n-C^^Hy/, shown in  F ig . 3 -1 , two bands

appear a t  1370 and 1374 cm“^ which a re  s im ila r  to  th ose  a t  1368 and
2

1378 cm~l in  n-C^^Hy^. The r a t io  o f  "base l in e "  absorbances fo r  th e
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two bands in  i s  2 .72 and in  i s  2 .6 8 . R e la tiv e  to

th e  two nearby metlqrlene fundam entals, both bands in  a re  le s s

in te n se  th a n  th o se  in  n-C^^H^^. The in te n s i ty  d iffe ren c e  i s  alm ost 

p re c ise ly  th a t  expected i f  both  bands in  each compound a re  a t t r ib u te d  

to  methyl v ib ra tio n s .

I t  seems reaso n ab le , th e re fo re , to  a ss ig n  th e  1368 and 1378 cm-1 

bands a s  th e  b^ and a^  conqponents o f  a doublet produced fay in -  and o u t-  

of-phase symmetric deform ation o f  ad jacen t m ethyl groups. However, 

t h i s  in te r p r e ta t io n  does no t account fo r  two s ig n if ic a n t  f a c t s .  In  

th e  f i r s t  p la ce , the  band a t  1368 cm~l, vdilch from F ig . 3-1  should 

belong to  sp ec ie s  b^ , would be expected to  have a conqjonent normal to  

th e  ab -p lan e . However, in  F ig . 3-2 t h i s  band appears to  be ra th e r  p re 

c is e ly  p o la riz ed  p a r a l le l  to  th e  b -a x is . Secondly, though th e  band a t  

1378 cm“^ i s  d e f in i te ly  p o la riz ed  p a r a l le l  to  th e  a -a x is  in  Fig.i 3 -1 , 

a  band appears a t  o r very n ear t h i s  frequency in  th e  record  ob ta ined  

w ith  th e  r a d ia t io n  p o la rized  normal to  the  ab -p lane  in  F ig . 3 -2 . Since 

a^  bands must be p o la rized  s t r i c t l y  p a r a l le l  to  th e  a -a x is ,  t h i s  cannot 

be th e  same band th a t  appears in  F ig . 3-1*

A p o ss ib le  exp lana tion  o f th e se  o b servations can be given i f  

one assumes th a t  th e  number o f la y e r  boundaries a c ro ss  which th e  chain  

t i l t  changes i s  conparable w ith th e  number o f o rd in a ry  boundaries.

This probably would not ap p rec iab ly  a f f e c t  th e  freq uencies o f th e  

methylene v ib ra t io n s .  I t  cou ld , however, a f f e c t  th e  methyl group modes.

In  a  c r y s ta l  having only th e  o rd inary  boundaries, th e  qymnetric 

deform ation o f  th e  methyl groups produces two in f ra re d -a c t iv e  v ib ra tio n s , 

one o f sp ec ie s  a ^ , p o la riz ed  p a r a l le l  to  the  a - a x is ,  and one o f  sp ec ies
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6 3by, p o la rized  p erpend icu lar to  th e  a -a x is .  According to  Amelinckx, 

a  c r y s ta l  in  which a l l  boundaries a re  o f th e  type  acro ss  which th e  t i l t  

changes would be orthorhom bic. The space group d esc rib in g  th e  symmetry 

o f  th e  c ry s ta l  would th en  be isomorphic e i th e r  to  V, C2v* ^h»^^ each 

o f  which has th re e , r a th e r  than  two, in f r a re d -a c t iv e  sp ec ie s . The in f r a 

red  - a c t iv e  v ib ra tio n s  should be p o la rized  in  d ire c tio n s  corresponding 

to  th e  a -a x is ,  b -a x is , and a normal to  th e  ab -p lan e  o f  th e  o rd in ary  

u n it  c e l l .  One would expect th re e  in f ra re d  bands caused by CĤ  qynmetric 

deform ation , p o la rized  p a r a l le l  to  th ese  th re e  axes.

Though th i s  ex p lan a tio n  i s  h igh ly  sp e c u la tiv e , s e v e ra l f a c ts  

may be c i te d  in  support o f  i t .

(1 ) In  Snyder^s sp ec tra  o f  p o ly c ry s ta l lin e  samples o f m onoclinic 

n-C^gH^g and n-C^gH gg,^ ob tained  a t  low tem peratu res w ith a  high 

re s o lu tio n  instrum ent, th re e  bands a re  observed between I 36O and 1380 cm~^.

(2 ) The work o f Ameli n c k x ^ 3  in d ic a te s  th a t  th e  most common form o f p o ly - 

typism  in  monoclinic n -p a ra f f in s  i s  th a t  in  id iich th e  t i l t  ang le  a l t e r 

n a te s  from la y e r  to  la y e r .

(3 ) In  the  sp ec tra  o f th e  B-form o f s te a r ic  a c id  (see Chapter IV ), in  

which th e  arrangem ent o f th e  chains i s  s im ila r  to  th a t  in  th e  m onoclinic 

n -p a ra f f in s  except th a t  th e re  appears to  be no a l te rn a t io n  o f  th e  chain  

t i l t ,  two bands s im ila r  in  frequency, p o la r iz a t io n  and r e la t iv e  in te n s i ty  

to  th o se  a t  1368 and 1378 cm"l a re  observed. In  t h i s  case , however,

th e  a -p o la r iz e d  band a t  th e  h igher frequency has no component normal to  

th e  ab -p lan e , W iile th a t  o f  lower frequency has components both  p a r a l le l  

to  th e  b -a x is  and normal to  th e  ab -p lane, a s  would be expected f o r  a  

v ib ra t io n  o f species b^ .
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The Orthorhombic Form o f n-C^^H^Q

The t i l t  o f th e  chains and th e  tw inning o r "polytypism " in  mono- 

c l in ic  made the  use o f th e  p o la r iz a t io n  o f  the  bands in  th e

in te r p r e ta t io n  o f  th e  sp e c tra  d i f f i c u l t .  I t  was supposed th a t  b e t t e r  

r e s u l t s  could be ob ta ined  w ith  c z y s ta ls  which had the oi*thorh<mibic form.

n -F a ra ff in s  having an odd nun ter o f  carbon atoms c r y s ta l l i z e  in  

th e  orthorhom bic form .^ U nfortunate ly , none o f  th ese  compounds were 

a v a ila b le  except in  amounts too  sm all to  perm it th e  growing o f  s in g le  

c r y s ta ls  la rg e  enough fo r  u se .

A n -p a ra ff in  w ith  an even number o f  carbon atoms w i l l  c r y s ta l l i z e  

in  th e  orthorhom bic form i f  a  few percen t o f  n -p a ra ff in s  w ith  s l ig h t ly  

longer o r  shoz^er chains az*e p resen t a s  in q p u ritie s . Attem pts to  grow 

ozd;horhoinbic c z y s ta ls  o f  n-C^^Hy^ were u n su ccess fu l, presumably because 

o f  th e  p u r i ty  o f  the  sample. However, th ic k  lozenge-shaped c z y s ta ls  o f 

n-C2^H2o were grown which had th e  in te red g e  an g les  o f about 67° charac

t e r i s t i c  o f th e  oz"thorhombic form.

The u n i t  c e l l  o f  orthorhombic determ ined by Teare? i s

d escribed  in  Chapter I .  I f  th e  c z y s ta ls  o f  n-Cg^H^Q have a  s im ila r  

s t ru c tu re ,  th e  u n i t  c e l l  in c lu d es  fo u r m olecules, two in  each o f  two 

ad jacen t la y e r s ,  and th e  chains have th e  orthorhom bic packing. A ll 

la y e rs  a re  id e n t ic a l ,  and th e  o r ie n ta t io n  o f  successive  la y e r s  d i f f e r s  

by a  ro ta t io n  o f  180° and a d isplacem ent in  th e  plane o f  th e  la y e r .

Though th e  u n i t  c e l l  gzx)up i s  isomozTphic to  Cgy» th e  symmetry o f  a  s in g le  

la y e r  i s  g iven by a  tw o-dim ensional space gz-oup which has a  f a c to r  group 

isom orphic to  Cgh* This group desczdbes th e  symmetry o f th e  h a l f  o f the 

c r y s ta l  u n i t  c e l l  lyizig in  a  s in g le  la y e r .  Except p o ssib ly  f o r  th e  end
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group v ib ra t io n s , t h i s  h a l f  u n it  c e l l  should be adequate fo r  th e  d i s 

cu ssio n  o f th e  spectrum o f orthorhond)ic n-Cs^Hgn*

As in  th e  c r y s ta ls  o f  th e  m onoclinic form, th e  a -  and b-axes 

o f th e  u n i t  c e l l  a re  p a r a l l e l  to  the  l in e s  b is e c tin g  th e  acu te  and 

ob tuse  in te red g e  an g les  on th e  su rface  o f th e  lozenge. The chain  axes 

a re  p a r a l l e l  to  th e  c - a x is ,  and th u s  a re  normal to  th e  lozenge su rfa c e .

F ig . 3-3 shows a spectrum  ob ta ined  w ith  th e  ra d ia t io n  in c id e n t 

normal to  th e  ab -p lan es , p o la riz ed  p a r a l le l  to  th e  b -a x is  (d o tted  curve) 

and th e  a -a x is  ( s o lid  c u rv e ) . F ig . 3-4  i s  th e  spectrum o f a  c r y s ta l  

s l i c e ,  ob ta ined  w ith th e  r a d ia t io n  in c id e n t p a r a l l e l  to  th e  ab -p lane  

and p o la r iz e d  p a r a l le l  (d o tte d  curve) o r  p e rp en d icu la r ( s o l id  curve) 

to  th e  axes o f th e  ch a in s .

The screw r o ta t io n  a sso c ia te d  w ith  th e  la y e r  u n i t  c e l l  group i s  

in  t h i s  case  p a r a l le l  to  th e  b -a x is , th e  v ib ra tio n s  o f  sp ec ie s  a^  a re  

p o la riz ed  p a r a l le l  to  th e  b -a x is ,  and th o se  o f sp ec ie s  b^ a re  p o la rise d  

norma] to  t h i s  a x is .  Thus th e  bands in  th e  d o tte d  curve in  F ig . 3-3 

belong to  sp ec ies  a^ , and th o se  in  th e  s o lid  curve belong to  sp ec ie s  b^. 

The two curves in  F ig . 3 -4  in d ic a te  th e  r e la t iv e  magnitudes o f  th e  changes 

in  d ip o le  moment peurallel and perp en d icu la r to  th e  axes o f th e  ch a in s .

In  Table 3 - H ,  th e  freq u en c ies  and r e la t iv e  i n t e n s i t i e s  o f  th e  

bands o f  n-C2^H^o a re  l i s t e d ,  to g e th e r w ith  t h e i r  p o la r iz a t io n . The 

qrmbols a ,  b in d ic a te  th a t  th e  bands, a s  shown in  F ig . 3 -3 , a re  p o la rized  

p a r a l l e l  to  the  a -  o r  b -a x e s , re s p e c tiv e ly . The symbols // ,  X d is 

t in g u is h  between bands p o la r iz e d  p rim arily  p a r a l l e l  o r  p e rp en d icu la r to  

th e  chain  a x es . Assignments a ls o  a re  inc luded  in  Table 3-11*

In  th e  d iscu ss io n  which fo llo w s, a t t e n t io n  w il l  be l im ite d  to
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table 3-II
INFRARED SPECTRUM OF THE ORTHORHOMBIC FORM OF n-C24H5o

Wave Number Intenaitŷ *̂ Polarization̂ )̂ Interpretation

720
730

vs
vs

b
a

R (CH2 Rocking)

744 w b ■
747 w a
773 w b
775 w a 1

R

816 « b,a X R
866 w b,a 1 R
887 m b,a H,X CHg Rocking Parallel to

919 w b,a X
the Skeletal Plane 
R

969 w b,a X R
1013 w b,a 1 R
1038 vw ff S (C-C Stretching)
1044 vw If S
1051 vw X S
1071 w b,a 11,1 S
1112 w II S
1121 w b,a I I ,  L  S

1168-
1172 vw b,a 1 1 , 1

1200 vw b,a II

1215 w II W (CH2 Wagging)
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TABLE 3-11 (Concluded)

Wave Number In ten s ity ^ * ) Polarization^**^ In te rp re ta t io n

1244 V II W

1274 V II W

1301 w b ,a  II W

1328 w II W

1348 w II W

1376 m b ,a  //,i- CH3 Symmetric Deformation

1395 w II W

1454 m a X CH3 A sy m étrie  Deformation

1462

1473

vs

vs a i . l l j
CH2 Deformation

(a ) The ab b rev ia tio n s  v s , s , w, e tc .  bave the  same meaning as In 

Table 3-1

(b) Bands marked b, a , / / ,  i .  appear In the  spectrum obtained  w ith 

the  ra d ia t io n  p o la riz ed :

b - p a r a l le l  to  th e  b -a x ls .

a  - p a r a l le l  to th e  a -a x ls .

II - p a r a l le l  to  th e  chain  axes.

1 - p erpend icu la r to  the chain  axes.
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those  fe a tu re s  o f the  sp ec tra  which appear to  support o r  c o n tra d ic t 

prev ious in te r p r e ta t io n s ,  o r  idiich appear to  be c h a r a c te r is t ic  o f  th e  

c ry s ta l  s t ru c tu re .  S n y d e r^  has published a  good in f ra re d  spectrum  o f 

a p o ly c ry s ta l l in e  sanqple o f t r i c l i n i c  n-C2j!̂ Ĥ Q, to g e th e r  w ith  a  p a r t i a l  

in te r p r e ta t io n .  Frequent re fe ren ce  to  h is  work w i l l  be made.

The p e rp en d icu la r p o la r is a t io n  o f  th e  CH2 rock ing  v ib ra tio n s  

a llow s a l l  members o f th e  s e r ie s  to  be id e n t i f ie d ,  confirm ing Siqrder*s 

assignm ents and adding a  f i n a l  in f ra re d -a c tiv e  rocking band a t  IOI3 cm-1. 

Except fo r  th e  strong  doub le t a t  720 and 730 cm“^ , th e  sep a ra tio n  o f th e  

a^ and b^ components o f th e  rocking dou b le ts  in  F ig . 3-3 i s  very  s l ig h t .  

In  sp ec tra  ob tained  a t  low er tem pera tu res, th e  s p l i t t in g  o f  th e  weaker 

bands i s  observab le . The v a r ia tio n  o f th e  s p l i t t i n g  over th e  s e r ie s  i s  

s im ila r  to  th a t  observed by Snyder fo r  orthorbombic c r y s ta ls  o f th e  odd- 

numbered n -p a ra f f in s ,  t h a t  i s ,  th e  s p l i t t in g  decreases w ith  in c reas in g  

frequency to  zero fo r  th e  band a t  816 cm~^, and becomes observable ag a in  

in  th e  h ig h er frequency bands. In  a l l  doub le ts  below 8I 6 cm-1, th e  low- 

frequency components a re  p o la rized  in  th e  b -d ir e c t io n ,  c o n s is te n t w ith 

th e  conclusions reached in  Appendix I I I ,  and th e  o rder o f  a -  and b - 

p o la riz ed  components appears to  be rev ersed  f o r  th e  doub le ts  a t  h igher 

freq u e n c ie s . The s p l i t t i n g  o f th e  h igher frequency members o f th e  s e r ie s  

does no t appear to  be so g re a t a s  th a t  recorded by Snyder fo r  th e  o r th o -  

rhombic odd-numbered n -p a ra f f in s .  The reason  fo r  t h i s  d iffe re n c e  i s  no t 

known.

The band a t  887 cm“l ,  l ik e  th a t  near t h i s  frequency in  n-C^^Hy^, 

has a  strong  component p a r a l le l  to  th e  chain  ax es , which again  shows 

th a t  i f  i t  i s  to  be assigned  to  methyl rock ing , th e  rocking must be
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in -p la n e , s in ce  o u t-o f-p lan e  rocking should be p e rp en d icu la r to  the 

chain  axes.

S ix  bands, a t  1215, 1244, 1274, 1301, 1328, and 1348 cm-1 a re  

shown in  F ig . 3-4  to  be p o la rized  p a r a l le l  to  th e  chain  ax es . This 

supports Snyder*s assignm ent o f  bands near th ese  freq u en c ies  in  t r i 

c l in ic  n-Cg^H^Q as  CH2 wagging v ib ra tio n s . However, no p a r a l l e l  band 

corresponding t o  th a t  a t  1183 cm~^, which he a s so c ia te d  w ith  th e  low- 

frequency l im i t  o f th i s  s e r ie s ,  i s  observed. Though i t  i s  no t obvious 

in  F ig . 3 -4 , a  weak shoulder p o la rized  p a r a l le l  to  th e  chain  axes has 

been observed a t  1395 cm~^. This i s  a lso  assigned  a s  CH2 wagging.

The doublet s p l i t t in g  and p o la r iz a tio n  o f  th e  two strong  bands 

a t  1462 and 1473 cm-1 i s  s im ila r  to  th a t  observed fo r  bands near th e se  

freq u en c ies  in  th e  m onoclinic form and i s  c o n s is te n t w ith  th e  in te rp re 

ta t io n  o f  th e se  bands as  caused by methylene deform ation.

A medium in te n s i ty  band a t  1376 cm~l i s  shown in  F ig . 3 -4  to  

have a  s tro n g e r  conqponent p a r a l l e l  to  the  chain  axes th an  p erpend icu lar 

to  i t .  This i s  c o n s is te n t w ith  i t s  in te rp re ta t io n  a s  synm etric d e fo r

mation o f  th e  methyl groups. The change in  d ip o le  moment a sso c ia te d  w ith  

th i s  v ib ra t io n  should be approxim ately p a r a l le l  to  th e  C-CH  ̂ bond, which 

makes an ang le  o f about 35° w ith th e  chain a x is .  The frequency o f 

th i s  band i s  8 cm“^ h ig h er th an  th a t  rep o rted  by Snyder fo r  th e  co rre 

sponding band in  t r i c l i n i c  and i s  alm ost p re c is e ly  th e  same

as  t h a t  o f  a  s im ila r  band o f  orthorhombic n-C2$H22« The band a t  1376 cm~^ 

shows no doublet s p l i t t i n g ,  though i t  appears in  both curves o f F ig . 3-3» 

Krimn, L iang, and Sutherland  rep o rted  s im ila r  behavior f o r  a  band a t  

1375 cm~^ in  orthorhombic n-CgqH^Q. I t  seems th a t  a  s in g le  band near
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1375 cm“l  l a  c h a r a c te r is t ic  o f th e  orthorhom bic c ry s ta l  form s, bo th  fo r  

odd- and even-numbered ch a in s , even though th e  r e la t iv e  o r ie n ta t io n  o f 

th e  end-groups in  ad jacen t la y e rs  i s  d i f f e r e n t  in  th e  two c a se s .

The T r ic l in ic  Form o f  n-Cj^gH^g

In  th e  extended conform ation, a  m olecule o f  a  n -p a ra f f in  w ith  

an even number o f carbon atoms has th e  symmetry C2h* V ib ra tio n s  o f  the  

in f ra re d  a c t iv e  sp ec ie s  bu and a^ a re  symmetric and an tisym m etric , r e 

sp e c tiv e ly , under r e f le c t io n  in  th e  s k e le ta l  p lane .

The u n i t  c e l l  o f  th e  t r i c l i n i c  n -p a ra f f in s  co n ta in s  on ly  one 

m olecule, and th e  chain  packing i s  b e liev ed  to  be s im ila r  to  th a t  ob

served by Vauad and B e ll fo r  t r i l a u r in .^ ^  I f  t h i s  i s  t r u e ,  th e  chains 

a re  ex tended, and th e  axes and s k e le ta l  p lan es  o f  a l l  m olecules in  th e  

c r y s ta l  a re  p a r a l l e l .

Provided th e  in te im o lecu la r in te r a c t io n  i s  not to o  g re a t ,  th e  

symmetry o f  th e  u n i t  c e l l  group modes should  be about t h a t  p re d ic ted  fo r  

a  s in g le  m olecule in  th e  extended conform ation. I t  should th e re fo re  be 

p o ss ib le  to  d is t in g u is h  between v ib ra t io n s  o f  spec ies  b^ and a^  by th e i r  

p o la r iz a t io n  p a r a l l e l  and perp en d icu la r to  th e  s k e le ta l  p lan e .

C ry s ta ls  o f  n-C^gH^g expected to  have th e  t r i c l i n i c  form were 

p la te s  w ith  i r r e g u la r  edges. P a r a l le l  l i n e s  on the  su rfa c e s  in d ic a ted  

cleavage p lanes n e a r ly  normal to  th e  su rfa c e s . A p o rtio n  o f  a  th ic k  

c r y s ta l  was ob ta ined  by cleav ing  i t  a t  two ad jacen t l i n e s .  I t  had 

th e  form o f  a  rod whose c ro s s -s e c tio n  was a  n early  re c ta n g u la r  p a ra l

le logram . Exam ination between crossed  p o la r iz e r s  showed no evidence 

o f  tw inning .
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The c ry s ta l  was mounted in  th e  in f ra re d  microscope w ith  p o la rized  

r a d ia t io n  in c id e n t normal to  th e  o r ig in a l  p la t e l e t  su rfa c e . A quick scan 

o f  th e  spectrum  showed a s in g le  strong  band a t  718 cm~^ r a th e r  than a 

d o u b le t, in d ic a tin g  th a t  th e  c r y s ta l  has the  monomolecular u n i t  c e l l  o f 

th e  t r i c l i n i c  c ry s ta l  form. The c ry s ta l  was th en  ro ta te d  about a normal 

to  th e  su rface  while th e  ab so rp tio n  o f th e  band a t  718 cm“l  was observed. 

At one p o s i t io n , the  band was n e a rly  ab sen t. The spectrum in  th e  range 

from 700 to  I 5OO cm“l  was recorded  a t  t h i s  p o s i t io n . The c r y s ta l  was 

then  ro ta te d  90° about th e  normal and th e  spectrum recorded ag a in . The 

p ercen t tran sm iss io n  curves a re  shown in  F ig . 3-5*

I t  may be seen th a t  n ea rly  every band in  the  spectrum  shows a

marked dependence on th e  o r ie n ta t io n .  Most o f them a re  very  weak in  

one o f  th e  two curves. The s ig n if ic a n c e  o f t h i s  dependence may be r e 

v ea led  by comparing th e  s tro n g  bands a t  718 and 1472 cm“^ . I f  th ese  

bands a re  a t t r ib u te d  to  CHg rocking and deform ation, a s  bands a t  th ese  

f req u e n c ies  g e n e ra lly  a r e ,  bo th  should be p o la rized  p e rp en d icu la r to  

th e  ch a in  ax es , w ith  th e  CH2 deform ation p a r a l le l  and th e  CH2 rocking 

p e rp en d icu la r to  th e  s k e le ta l  p lan e . The two curves in  F ig . 3-5 appear 

to  d is t in g u is h  between v ib ra tio n s  th a t  a re  p e rp end icu lar and p a r a l le l  

to  th e  s k e le ta l  p lan es .

The c ry s ta l  was th en  o rie n te d  so th a t  th e  r a d ia t io n  was in c id en t

normal to  a  su rface  o f c leavage. Again, th e  ab so rp tio n  a t  718 cm“^ was

observed w hile th e  c r y s ta l  was ro ta te d  about th e  norm al. One o f the  

curves shown in  F ig . 3-6 was ob ta ined  in  th e  p o s itio n  f o r  which the  in 

t e n s i ty  o f  th e  718 cm~^ band was a  maximum and th e  o th e r  where i t  was 

a  minimum. The bands a t  718 and 1472 cm~^ have Tnairiina fo r  th e  same
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TABLE 3- I I I

INFRARED SPECTRUM OF THE TRICLINIC FORM OF o-CigHgg

Have Number In te n s ity ^ ^ ^  P o la rlza tio n ^ * ) In te rp re ta t io n

718 vs OP R (CH2 Rocking)

726 w OP R

746 w OP R

790 w OP R

860 w OP R

890 m IP CH3 Rocking P a r a l le l  to
the S k e le ta l P lane

926 w OP R

961 ww  OP

976 vw IP S (C-C S tre tch in g )

991 vw OP R

1027 vw IP S

1044 w IP S

1054 w IP S

1061 w IP S

1120 w IP S

1179 vw OP T (CHg Tw isting)

1188 vw IP W (CH2 Wagging)

1217 vw OP T

1230 vw IP W

1235 ww OP T

1268 vw // W
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TABLE 3- I I I  (Concluded)

Have Number In te n s ity (^ ) F o la riza tio n ^ * ) In te rp re ta t io n

1287 vw OF T

1301 vw OF T

1307 vw II W

1339 vw II W

1361 w II w

1368 m IF CĤ  Symmetric Deformation

1395 vw // W

1453 vs OF CHg Asymmetric Deformation

1466 s II CHg Asymmetric Deformation

1472 vs IF CH2 Deformation

(a) OF p o la riz ed  perpend icu lar to the  s k e le ta l  p lane .

IF p o la riz ed  p a r a l le l  to  the s k e le ta l  p lane .

If p o la riz ed  p a r a l le l  to  the  chain  axes.

(b) The ab b rev ia tio n s  vs, s , w, e tc .  have th e  same meaning as in  

Table 3 -1 .
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o r ie n ta t io n  and have minima when the  c r y s ta l  i s  ro ta te d  90°. I t  was 

concluded th a t  th e  curves in  F ig . 3-6 perm it th e  d is t in c t io n  between 

bands p o la rized  p erpend icu lar o r  p a r a l le l  to  th e  chain  axes.

The ab so rp tio n  freq u en cies , th e  p o la r iz a t io n  o f  th e  bands, and 

t h e i r  assignm ents a re  l i s t e d  in  Table 3 - I I I*  In th e  fo llow ing pages, 

th e  assignm ents w i l l  be d iscussed  and compared w ith those  made in  p re 

ceding se c tio n s .

The s e r ie s  o f bands beginning a t  718 and te rm in a tin g  a t  991 cm“l ,  

a l l  o f which have e s s e n t ia l ly  th e  same p o la r iz a t io n , i s  a t t r ib u te d  to  

CHg rock ing . A comparison w ith th e  assignm ents o f Brown e t  a l .^ ^  shows 

th a t  th ey  have c o rre c t ly  id e n t i f ie d  th e  rocking freq u en cies  o f  non- 

adecane and the  n -p a ra ff in s  w ith  Ik  carbons o r l e s s .  Though Snyder 

has no t a ttem pted  to  a ss ig n  th e  h ig h est-freq u en cy  in f r a re d  bands in  the  

rocking s e r ie s ,  th e  band a t  991 cm~l i s  a  member o f  a  sequence in  h is  

sp ec tra  which in c lu d es  th e  perp en d icu la r band o f  n-Cp^H^p a t  1013 cm“l  

and a  doublet o f n-C^gH^g near 1028 cm“^ , and which may be ex trap o la ted  

to  th e  doub le t near 1033 cm~l b e liev ed  to  be th e  upper l im i t  o f  th e  in f r a 

red  a c tiv e  rocking  s e r ie s  of

E ight in f ra re d -a c tiv e  s k e le ta l  s tre tc h in g  v ib ra tio n s  a re  ex

pected  f o r  n-C]_gH^g. S ix  bands between 976 and 1120 cm“l  which show 

th e  expected p o la r iz a t io n  have been assigned  a s  s k e le ta l  v ib ra t io n s .

Two of th e  s tro n g e r bands, a t  1061 and 1120 cm~^, a re  members o f se

quences «diich by comparison w ith S nyder's  sp ec tra  can be shown to  in 

clude th e  bands o f n-C^gHy^ a t  1100 and 1130 cm“^ . Sheppard^^ has 

assigned  both sequences to  in f ra re d -a c t iv e  v ib ra tio n s  o f l im it in g  phase. 

This seems reasonab le , in  view o f the  n e a rly  co n stan t freq u en c ies  in
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th e  sequences.

A s e r ie s  beginning a t  1168 cm~^ and extending toward h ig h er 

freq u en cies  has been ass ig n ed  a s  CH2 wagging v ib ra tio n s . The low er- 

frequency members o f th e  s e r ie s  were recognized by t h e i r  p o la r is a t io n s  

p a r a l le l  to  th e  s k e le ta l  p la n es , as  shown in  F ig . 3 -5 . The h ig h e r-  

frequency members were id e n t i f ie d  by th e i r  pronounced p o la r iz a t io n  

p a r a l le l  to  th e  chain axes (aee F ig . 3 -6 ) . I f  i t  i s  assumed th a t  one 

member o f th e  s e r ie s  i s  masked by th e  in te n se  band a t  I 368 cm~l, a l l  

th e  rem aining in f ra re d -a c t iv e  bands have been id e n t i f ie d ,  th e  p a r a l le l  

band a t  1395 cm“^ re p re sen tin g  th e  h ighest-frequency  in f r a r e d -a c tiv e  

wagging v ib ra tio n .

A s e r ie s  o f very  weak bands, th e  lower members o f  which a re  

shown in  F ig . 3-5 to  be p o la riz ed  perpend icu la r to  th e  s k e le ta l  p lanes 

and a l l  o f  which appear to  be p o la rized  p erpend icu la r to  th e  chain  axes 

in  F ig . 3 -6 , have been a t t r ib u te d  to  CHg tw is t in g . The s e r ie s  overlaps 

th a t  o f  th e  wagging modes, b u t th e  two a re  f a i r l y  e a s i ly  d if f e r e n t ia te d  

by t h e i r  p o la r iz a t io n . Only f iv e  bands were observed, whereas th e re  

should be e ig h t .  The low est-frequency  band i s  a t  1179 cm“^ , and th e  

h ig h est frequency band l i e s  a t  1301 cm"^.

Jones, McKay, and S in c la ir^ ^  have published a  spectrum  o f 

octadecane in  th e  reg io n  between U ? 0  and 1370 cm-1. They assigned  

bands in  t h i s  reg io n  a s  "wagging an d /o r tw is t in g ."  Biown e t  a l .  made 

more sp e c if ic  assignm ents fo r  th e  e ig h t bands between I I 70 and 1307 cm-1 

which agree w ith  r e s u l t s  p resen ted  h e re . The p e rp en d icu la r band a t  

1301 cm“^ and th e  p a r a l le l  band a t  I 307 cm"l were n o t re so lv ed  in  the  

spectrum o f Jones e t  a l . ,  and th e  h ig h e r frequency bands in  th e  wagging
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s e r ie s  were not observed. The r e s u l t s  ob tained  fo r  n-C^^gH^g c o r re la te  

w e ll w ith  S nyder*s^  assignm ents fo r  th e  wagging modes o f  n-C2o H ^ '

The band a t  890 cm~^ i s  p o la rized  p a r a l le l  to  th e  s k e le ta l  

p lan es , %diich i s  co n s is ten t w ith  i t s  in te rp re ta t io n  a s  p lan ar m ethyl 

rock ing . No band was observed which could be id e n t i f ie d  w ith th e  rock 

ing o f methyl groups perp en d icu la r to  th e  s k e le ta l  p lan e .

The f a c t  th a t  no band was observed a t  1472 cm"! when th e  band 

a t  718 cm~^ had an in te n s i ty  maximum was taken  a s  an in d ic a tio n  th a t  

th e  sp ec tra  recorded w ith  th e  two o r ie n ta tio n s  o f  th e  n-CigHgg c r y s ta l  

d is t in g u is h  between v ib ra tio n s  p a r a l le l  o r p e rp en d icu la r to  the  s k e le ta l  

p lan es . The r e la t iv e  in t e n s i t i e s  a t  th ese  two freq u en c ies  fo r  th e  o th e r 

d ire c t io n  o f th e  beam was in te rp re te d  to  mean th a t  th e  r a d ia t io n  was in c i 

den t pe rp en d icu la r to  the  chain  axes.

A c tu a lly , fo r no o r ie n ta t io n  was th e  a b so rp tio n  in  the  reg io n  

1450 to  1475 cm~l co n ç le te ly  e lim in a ted . Three ab so rp tio n  peaks appear 

a t  1453,  1466, and 1472 cm"^. These th re e , to g e th e r  w ith th e  band a t  

1368 cm~^, can be in te rp re te d  a s  methylene and m ethyl deform ation 

v ib ra tio n s .

Of a l l  methylene and methy 1-deform ations a c t iv e  in  th e  in f r a r e d ,  

only  th e  asymmetric methyl deform ations p e rp en d icu la r to  th e  s k e le ta l  

p lanes can be separa ted  hy t h e i r  symmetry from th e  o th e rs . The band 

a t  1453 cm“^ , which i s  p o la r iz e d  l ik e  th e  rock ing  v ib ra tio n s  has been 

a t t r ib u te d  to  such asymmetric m ethyl deform ation. This type o f v ib ra 

t io n  probably a lso  accounts f o r  th e  shoulders a t  1447 and 1457 cm~l 

on the  CH2 deform ation bands o f  m onoclinic n-C^gHy^.

In  th e  spectrum shown in  F ig . 3 -6 , th e re  i s  s t i l l  c « is id e ra b le
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abeox*ptlon a t  1466 cm~^ when th e  ra d ia tio n  i s  p o la riz ed  p a r a l le l  to  th e  

chain ax es . This may be a t t r ib u te d  to  asymmetric methyl deform ation 

p a r a l le l  to  th e  s k e le ta l  p lan es . The p e rp en d icu la r band a t  1472 cm-1 

then  accounts f o r  the methylene deform ation and bo th  bands probably 

co n trib u te  to  th e  s tro n g , broad band a t  about 1470 cm~^ in  F ig . 3 -5 .

The p o la r iz a t io n  o f th e  band a t  1368 cm~^, idiich in d ic a te s  th a t  

i t  i s  caused by a  v ib ra tio n  p a r a l l e l  to  th e  s k e le ta l  p lanes and i s  

a sso c ia te d  w ith  a  change in  d ip o le  moment more n ea rly  p a r a l le l  th an  

perp en d icu la r to  th e  chain  ax es , i s  c o n s is te n t w ith  i t s  assignm ent a s  

symmetric m ethyl deform ation.



CHAPTER IV

THE INFRARED SPECTRA OF FOUR 

POLYMORPHS OF STEARIC ACID

The C-Fomt o f  S te a r ic  Acid 

The C-form o f th e  normal f a t t y  a c id s  i s  m onoclin ic, w ith  two 

dimers per u n i t  c e l l . ^  The ch a in s  have th e  orthorhond)ie packing.

The u n it  c e l l  group i s  isomorphic to  th e  p o in t group Cg^»

Normal modes a re  c la s s i f ie d  a s  Raman- o r  in f ra re d -a c tiv e  ac

cord ing  to  t h e i r  symmetry o r  antieymmetxy w ith re sp e c t to  an in v e rs io n . 

An in v e rs io n  c e n te r  i s  a  symmetry c e n te r  fo r  a  dim er. The in f ra re d -  

a c t iv e  modes a re  th e re fo re  those  in  which th e  two m olecules in  a  dimer 

execute th e  same v ib ra t io n  o u t-^ f-p h ase .

The in f ra re d -a c t iv e  v ib ra tio n s  belong to  sp ec ies  a^  o r  b^ depend

ing  on t h e i r  gynnetry o r  antiqynm etry w ith  re sp e c t to  a  tw ofold screw 

ro ta t io n  about an  a x is  p a r a l le l  to  th e  b -a x is . This o p e ra tio n  i n t e r 

changes th e  two dim ers, bu t le av es  th e  same m olecules s id e -b y -s id e .

In  v ib ra tio n s  o f one sp ec ie s , a d jac e n t m olecules move in -p h ase , and in  

v ib ra tio n s  o f  th e  o th e r , they move o u t-o f-p h ase . For each m olecular 

degree o f freedcm , one would th e re fo re  expect to  observe an  a^-b^ 

in fra re d  d o u b le t. The change in  d ip o le  moment a sso c ia te d  w ith  a  v ib ra 

t io n  o f sp ec ies  a ^  i s  in  th e  d ire c t io n  o f  th e  b -a x is ,  and th a t  a s s o c i

a ted  w ith  a  v ib ra tio n  o f  sp ec ie s  b^ i s  p e rp en d icu la r to  th e  b -a x is .

85
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The lozenge-shaped c ry s ta ls  having th e  form C may be id e n t i f ie d  

by t h e i r  in te red g e  ang les o f  56° .  The ab -p lan es  o f the  u n i t  c e l l  a re  

p a r a l le l  to  th e  face o f th e  lozenge. The a -  and b-axes a re  p a r a l l e l  to

th e  b is e c to r s  o f  the  acu te  and obtuse in te red g e  a n g les , re s p e c tiv e ly .

The ch ain s  a re  t i l t e d  away from th e  normal to  th e  c ry s ta l  face  toward 

th e  a - a x is .  The angle o f t i l t  in  th e  C-form o f  la u r ic  a c id  i s  only 

about 35°. The axes o f  th e  chains in  s te a r ic  a c id  should be n e a re r

th e  c - a x is ,  which i s  t i l t e d

C ry s ta ls  o f s te a r ic  a c id  having th e  C-form were mounted so th a t  

th e  a x is  o f  the  spectrom eter beam was normal to  th e  ab -p lan e . The 

spectrum  was recorded w ith th e  ra d ia tio n  p o la riz ed  p a r a l le l  to  th e  a -  

and b -ax es, re sp e c tiv e ly . F ig . 4-1  shows t h i s  spectrum fo r  th e  range 

650 to  1750 cm”^ . Bands re s u lt in g  from a^  v ib ra t io n s , p o la riz ed  p a ra l

l e l  to  th e  b -a x is ,  appear in  th e  d o tted  curve . Those o f spec ies  b^, 

p o la riz ed  perp en d icu la r to  th e  b -a x is , appear in  the  s o l id  curve. A 

spectrum  o f  th e  C-form o f p a lm itic  a c id , ob tained  in  a  s im ila r  manner, 

i s  shown in  Appendix I .

To study th e  p o la r iz a t io n  o f th e  b^ bands, which may have com

ponents both p a r a l le l  and normal to  th e  ab -p lan e , c r y s ta l s  o f th e  C-form 

were s l ic e d  p erpend icu lar to  the  b -a x is .  These s l ic e s  were examined 

between crossed  p o la r iz e rs  w ith w hite l i g h t  in c id e n t in  th e  b -d ir e c t io n . 

The tra n sm itte d  ra d ia tio n  was ex tingu ished  %dien th e  e l e c t r i c  v ec to r o f 

th e  in c id e n t ra d ia t io n  made ang les o f  about 45° w ith th e  a -a x is .  This 

in d ic a te s  th a t  th e  a l te rn a t io n  o f th e  chain  t i l t  observed in  m onoclinic

6?S. Abrahamsson and E. von Qydow, Acta C ry s t. %, 591 (1954).
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n -p a ra f f in s  ap p aren tly  does no t occur in  th e  C-form o f th e  f a t ty  a c id s .

S p ec tra  obtained w ith  th e  p o la rized  beam in c id e n t p a r a l l e l  to  

th e  b -a x is  support t h i s  co n clu sio n . The c r y s ta l  s l ic e s  were ro ta te d  

about th e  b -a x is  and t h e i r  sp e c tra  recorded a t  in te rv a ls  o f  1$°. Most 

o f  th e  bands had w ell-d e fin ed  minima (w ith zero o r very  weak ab so rp tio n ) 

and sep ara ted  by 90°. The o r ie n ta t io n  o f th e  c r y s ta l  s l ic e s

corresponding to  maximum ab so rp tio n  was d i f f e r e n t  fo r  d if f e r e n t  bands. 

S pectra  reco rded  when th e  e l e c t r i c  v ec to r made an g les  o f  t  45° w ith  th e  

a -a x is  a re  shown in  P ig . 4 -2 . As n early  a s  could be determ ined from th e  

ex tin c ti,o n  o f  v is ib le  r a d ia t io n , th e se  d ire c tio n s  a re  p a r a l le l  to  two 

o f  th e  p r in c ip a l  ax es . As th e  cap tio n  o f F ig . 4-2  in d ic a te s ,  th ey  a re  

a lso  approx im ately  p a r a l le l  and p erpend icu lar to  th e  chain  axes, which 

make an an g le  o f  about 52°  w ith  th e  a -a x is .

The spectrum  o f  a c z y s ta l  o f  deu te ra ted  s te a r ic  a c id , CH (̂CH2 ) l6 -  

COOD, o b ta ined  w ith th e  a x is  o f  th e  beam normal to  th e  c r y s ta l  su rfa ce , 

i s  p resen ted  i n  F ig . 4-3» This c r y s ta l  had th e  lozenge shape w ith  an 

in te red g e  an g le  o f  56°, amd so was assumed to  have th e  C-form. This 

assungition was supported by an exam ination o f a spectrum  obtained a 

y ea r l a t e r ,  tdien about h a l f  th e  deuterium  had been rep laced  by hydrogen.

A comparison o f F ig s . 4-1  and 4-3 w ith  th e  sp e c tra  o f  th e  n- 

p a ra f f in s  shows th a t  many fe a tu re s  o f  th e  sp ec tra  o f  th e  a c id s  have 

alm ost id e n t ic a l  co u n te rp arts  in  th e  sp ec tra  o f th e  normal p a ra f f in s .

A lso, se v e ra l bands appear which have been a t t r ib u te d  by e a r l i e r  workers52»56 

to  m otions o f  th e  carboxyl end groups. Frequencies and in te rp re ta t io n s  

g iven  by Hadzi and Sheppard fo r  some o f th e  carboxyl v ib ra tio n s  o f  c ry s

t a l l i n e  samples o f  o rd inary  and d eu te ra ted  s te a r ic  a c id  a re  shown in
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TABLE 4-1

FREQUENCIES OF CARBQXTL VIBRATIONS OF ORDINARY 
And DEUTERATED STEARIC ACID

Ordinary Acid Deuterated Acid
Have Approximate Have Approximate
Number Motion Number Motion

675 0-C = 0 Angle 0-C = 0 Angle
Deformation Deformation

666 <
940 0-H Bending 0-D Bending

Perpendicular to Perpendicular to
the Plane of the the Plane of the
COON Group COOD Group

1300 Mixed C-0 Stretching 1058 0-D Bending
and 0-H Bending Parallel to the
Parallel to the Plane Plane of the COOD

1435 of the COON Group Group
1366 C-0 Stretching

1700 C = 0 Stretching 1700 C =0 Stretching
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TABLE 4 -I I

INFRARED SPECTRA OF THE C-FORMS OF ORDINARY AND DEUTERATED STEARIC ACID

CH3(CH2)i 5COOE

Wave I n te n s i ty  & 0
Number P o la r iz a tio n  

in  F ig . 4-1

(a)
CH3(CH2)i 6COOD

I n te n s i ty  Have In te n s i ty  & In te rp r e ta t io n  
in  F ig .4-2 Number P o la r iz a tio n

689 s a 45° vs 667 m a 0-C =  0 Angle
Deformation

m b '
696 y 0-D Bending

w a_)
720 s b 720 8 b '

R (CH2 Rocking)
727 s a 120° vs 725 8 a .

733 vw b 735 W b R 1

741 vw a 120° vw 743 VW a l
R

744 vw b 745 vw b,

759 w a 120° w 760 w a '
R

760 w b 761 w b

782 vw a 120° vw 783 w a ]

783 vw b 784 w b^

809 w a,b 120° w 809 w a, b R

vw b 842 vw b^
842 R

vw a 843 vw a .

w 1? 876 vw b l
877 R

vw a 878 vw aj
889 w b 0° w 887 ww b CH3 Rocking

P a r a l le l  to  the
S k e le ta l P lane

908 w a 90° w

915 ww b, a R
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TABU 4-11 (Continued)

CB3(CH2)igC00H

Wave Intensity & 0 
Number Polarization 

in Fig. 4-1

(a)
CH3(CH2)16^000

Intensity Wave Intensity & Interpretation
in Fig.4-2 Number Polarization

938 s b 1> 0-H Bending
940 s a 135° vs j

951 ww b,a R
985 ww b.a 985 ww b,a R

vw b vw b 1
1015 1016 r  ^ww a 120° vw ww a j

vw b w b 11031 1032 I S (C-C
ww a ww a J Stretching)

1049 s b
y 0-D Bending

1056 m a 1
vw b

1055 1056 w b
ww a )
vw b w b'

1070 1074 s
ww a vw a,
m b w b'

1101 1101 s
ww a vw a
vw b 1122 w b]

1121 s
vw a 1123 w a |
m b 1185 w b] W (Mixed CH2

1186 0 I Wagging and
w a 15 m 1186 ww a COB or COD

Vibration)
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TABLE 4-11 (Continued)

CH3(CH2)ifiCOOH

Wave Intensity & 0
Number Polarization 

in Pig. 4-1

(•)
CH3(CH2)igCOOD

Intensity Wave Intensity & Interpretation
in Fig.4-2 Number Polarization

1201 m b
1205 vw a
1219 m b
1223 w a

1240 m b
1242 w a
1258 m b
1263 w a
1277 w b
1281 w a

1298
s b
s a

1300

1310 w b
1312 w a

1329 w b
1331 w a

15

15

15‘

15

15

75"

15

m

m

m

m

m

a 15" m

1203 V b
1204 ww a
1222 w b
1223 ww a
1240 w b
1243 vw a
1259 w b
1263 vw a
1278 vw b
1281 vw a

1296 vw b
1300 vw a

1313 ww b

1318 ww a
1323 ww b

1326 ww

1336 w b
1337 w a

Primarily 
0-H Bending

COH-COD?



95

TABLE 4-11 (Concluded)

CH3(CH2)i 6COOH
.(a )

CH3(CH2)igCOOD

Wave In te n s i ty  & 9 I n te n s i ty  Wave In te n s i ty  & I n te rp r e ta t io n
Number P o la r iz a tio n  in  F ig .4-2 Number P o la r iz a tio n

in  F ig . 4-1

1346

1350

1356

V

V

w

15

b ,a  15"

m

m

1371 V a 90 w

1379 v w b

1406 m a 120° s

1410 m b

1350 v w  a ,b  I W

1365 m 

1371 m

1421

1429 w b

1438 V a 30° 8

1462 8 b 1462 8

1472 8 a 120° 8 1472 S

1684 8 b 1682 V8

1695 s a 1691 8

a

b
C-0 S tre tch in g

CR3 Symmetric 
Deformation

1409 m a , by ÇH2 Deformation

b

a

b

a

COH-COD?

P rim arily  C-0 
S tre tch in g

CH2 Deformation

C = 0 S tre tch in g

(a ) 9 s  The angle in d ic a tin g  the  p o la r iz a t io n  o f the  ra d ia tio n  fo r

maximum ab so rp tio n , measured from the  normal to  the  ab-p lane in  the  

d ire c t io n  o f sm a lle s t r o ta t io n  to  the  c -a x is .
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Table 4 -1 .

The ab so rp tio n  freq u en c ies  o f s in g le  c r y s ta ls  o f  th e  C-form o f  

th e  o rd in a ry  and d eu te ra ted  s te a r ic  a c id  a re  l i s t e d  in  Table 4 - H .  The 

p o la r is a t io n  and r e la t iv e  i n t e n s i t i e s  o f  bands shown in  P ig s . 4 -1  and 

4 -3 , ob ta ined  w ith  th e  r a d ia t io n  in c id e n t normal to  th e  ab -p lane  a re  

in d ic a te d  in  the  Table* Also g iven  a re  r e la t iv e  v a lu es  o f th e  maximum 

in t e n s i t i e s  o f  th e  b^ bands o f o rd in a ry  s te a r ic  a c id  a s  observed w ith 

th e  c r y s ta l  s l i c e s ,  to g e th e r  w ith  th e  ang les in d ic a t in g  th e  d ir e c t io n  

o f  th e  e l e c t r i c  v e c to r  fo r  which th e  in te n s i ty  was a  maximum. The 

an g les  a re  measured from th e  normal to  th e  ab -p lane  in  th e  d ire c t io n  o f  

sm a lle s t r o ta t io n  to  th e  c -a x is .  A ll a re  m u ltip le s  o f  1$°, s ince  on ly  

a t  t h i s  in te r v a l  were sp ec tra  reco rded . I t  was assumed th a t  th e se  ang les  

g ive th e  approximate d ire c t io n s  o f  th e  changes in  d ip o le  moment a s s o c i

a te d  w ith  th e  bu v ib ra t io n s .

Assignments, based in  p a r t  upon th e  p o la r iz a t io n  o f  th e  bands 

and in  p a r t  upon th e  p rev ious in te r p r e ta t io n s ,  a re  inc luded  in  Table 4-11. 

A d iscu ss io n  o f th e  sp e c tra  and assignm ents fo llow s.

M ethylene Rocking V ib ra tio n s

The s e r ie s  o f  a^ -b ^  d o ub le ts  a ssigned  a s  rock ing  funda

m entals begins w ith  th e  s tro n g  doublet n ear 720 cm~l and extends to  

1016 cm“l  in  th e  spectrum  o f  th e  d eu te ra ted  s te a r ic  a c id .  An id e n t ic a l  

s e r ie s  i s  observed fo r  th e  o rd in a ry  a c id , except in  th e  reg io n  near 

940 cm~^, idiere i t  i s  masked by carboxyl v ib ra t io n s .

The number o f  d o u b le ts  in  t h i s  s e r ie s  i s  approxim ately  tw ice th e  

number o f  methylene rocking  bands in  th e  spectrum o f  oc tadecane, which 

has th e  same number o f  methylene groups a s  s te a r ic  a c id .  Presumably
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bands appear Wiich would be Raman-active bu t not in f ra re d -a c tiv e  in  th e  

n -p a ra f f in .  The d o u b le ts  a l te rn a te  in  in te n s i ty .  I f  i t  i s  assumed th a t  

th e  s tro n g e r bands correspond to  th e  in f ra re d -a c t iv e  v ib ra t io n s  o f  th e  

n -p a ra f f in ,  the  freq u en c ies  a re  n ea re r those  expected f o r  a  n -p a ra f f in  

w ith  f i f t e e n ,  r a th e r  th an  s ix te e n , CHg groups. This may in d ic a te  th a t  

th e  m etty lene group n e a re s t th e  carboxyl group does no t p a r t ic ip a te  in  

th e se  v ib ra tio n s . I f  t h i s  i s  so , th e  band a t  1016 cm~^ would be th e  

upper l im i t  o f th e  s e r ie s .

Since th e  b -a x is  o f  th e  u n i t  c e l l  i s  p a r a l l e l  to  th e  b o -ax is  

o f  th e  orthorhom bic s u b c e ll ,  th e  p o la r iz a t io n  o f  th e  two strong  methy

le n e  rocking bands near 720 cm~^ i s  c o n s is te n t w ith  th a t  observed fo r  

th e  corresponding bands o f  th e  m onoclinic and orthorhom bic n -p a ra f f in s . 

The s p l i t t i n g  and p o la r iz a t io n  o f  th e  h ig h er members o f th e  s e r ie s  

d i f f e r s  from those  observed fo r  th e  n -p a ra f f in s . In  both  P ig s . 4-1 

and 4 -3 , th e  low -frequency component o f th e  doub le t near 740 cm"l i s  

p o la r is e d  in  th e  a - d ir e c t io n , W iereas th e  low -frequency m eater o f  th e  

strong  doub le t a t  720 cm“^ i s  p o la rized  in  th e  b -d ir e c t io n . The s p l i t 

t in g  d ecreases w ith  in c re a s in g  frequency u n t i l  i t  becomes n e g lig ib le  

fo r  th e  band a t  609 cm~^. In  th e  d eu te ra ted  a c id , th e  low er components 

o f  th e  nex t two doub le ts  a t  642 and 643 cm~^ and a t  676 and 6?6 cm~^ 

a re  p o la rized  in  th e  b -d ir e c tio n . The s p l i t t i n g  o f  th e  rem aining bands 

in  th e  s e r ie s  i s  s l ig h t .  In  sp ec tra  ob ta ined  a t  tem peratures o f  about 

-100° C, th e  s p l i t t in g  o f  th e se  bands i s  more pronounced, and th e  p o la r

iz a t io n  o f  the  dou b le ts  re v e rse s  again  a t  951 cm“l .  In  Appendix I I I  

a re  l i s t e d  th e  freq u en c ies  and p o la r iz a t io n  o f  th e  rocking d o u b le ts  o f  

th e  C-form o f d eu te ra ted  s te a r ic  a c id  observed a t  low tem pera tu res.
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T heir behavior i s  shown to  be c o n s is te n t w ith th a t  fo r  o th e r  c iy a ta l  

form s.

In  th e  sp ec tra  shown in  P ig s . 4-1  and 4-3* th e  b -p o la r is e d  a^  

band n ear 720 cm~^ i s  more in ten se  th an  th e  a -p o la r iz e d  b^ band n ear 

727 cm"^. A d iffe re n c e  in  in te n s i ty  i s  a lso  observed w ith  po lycrys

t a l l i n e  san ÿ le s . Abrahamsson and F isch m e is te rl^  have suggested th a t  

such an  in te n s i ty  d iffe re n c e  may be produced by a  d is to r t io n  o f th e  

u su a l orthorhombic o h a in  packing. Whatever i t s  o r ig in ,  th e  e f f e c t  i s  

no t l im ite d  to  th e  s trong  d o u b le t, b u t con tinues throughout th e  CH2 

rock ing  s e r ie s .

S k e le ta l  S tre tch in g  V ib ra tions

Between the  f i n a l  rocking  mode a t  1016 cm~l and th e  s e r ie s  be

g inn ing  a t  1186 cm~l, f iv e  bands a re  observed which may be ass ig n ed  to  

ch ain  s k e le ta l  v ib ra t io n s . These bands have components both  p a r a l l e l  

and perp en d icu la r to  th e  b-axLs and may th e re fo re  be considered  a^-b^  

d o u b le ts  whose s p l i t t i n g  i s  no t g re a t enough to  be observed.

In  th e  spectrum o f th e  d eu te ra ted  a c id ,  a  s trong  a d d it io n a l  

b -p o la r iz e d  (a^) carboxyl band i s  observed a t  1049 cm~^. The in te n s i t i e s  

o f  th e  s k e le ta l  modes, p a r t ic u la r ly  th e  a^-conqponents, a re  g re a te r  than  

in  th e  o rd in a ry  a c id , presumably because o f  in te ra c t io n  w ith  th e  c a r -  

b o j^ l  group. I t  i s  not c e r ta in  whether th e  band a t  IO56 cm~^ re p re se n ts  

a  s k e le ta l  o r  a  c a r b o ^ l  v ib ra t io n . I t s  p o la r iz a t io n  and in te n s i ty  

fa v o rs  i t s  in te rp re ta t io n  a s  a  by carboxyl mode. The s k e le ta l  v ib ra t io n  

observed near t h i s  frequency in  th e  o rd in ary  a c id  i s  probably respons

ib le  fo r  th e  shoulder on th e  a^  band a t  IO5O cm "l.
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The 1186 -  1350 cm“l  Band S e rie s  

The s e r ie s  o f medium in te n s i ty  bands having i t s  lower l im i t  a t  

1186 cm"l has been v a rio u s ly  a t t r ib u te d  to  m ethylene wagging, methylene 

tw is t in g , and to  coupled wagging and tw is tin g  v lb ra t io n s .33*39,53 

Ferguson^^ has c r i t i c i z e d  th e  assignm ent o f  th ese  bands as 

m ethylene wagging modes, s in ce  in  th e  spectrum o f  a s in g le  c ry s ta l  o f 

e icosano ic  ac id  published  by Cole and J o n e s , t h e  s e r ie s  appears p o la r

ized  in  the  same d ire c t io n  a s  th e  720 cm“l  component o f th e  strong  rock

ing d o u b le t. Sheppard^^ has suggested th a t ,  s in ce  a l te r n a te  members o f  

th e  CHg wagging modes of a  normal p a ra f f in  w ith  an odd number o f  carbon 

atoms should be p o la rized  perp en d icu la r to  th e  chain  axes, th e se  bands 

in  th e  f a t t y  a c id s  may correspond to  th e  p e rp en d icu la r members o f  th e  

wagging s e r ie s .  As support f o r  th i s  suggestion  he observed th a t  th e  

number o f  bands observed i s  about h a l f  th e  number o f  CHg groups in  th e  

ch ain . Jones^^ has te n ta t iv e ly  assigned  t h i s  group o f bands to  coupled 

CH2 wagging and tw is tin g  v ib ra t io n s , c i t in g  th e  th e o re t ic a l  work o f 

Primas and Gunthard.^^

In  th e  sp ec tra  o f  th e  C-form o f  s te a r ic  a c id , eleven bands may 

be id e n t i f ie d  w ith th e  s e r ie s  in  q u estio n . Ten can be e a s ily  d iscerned  

in  th e  spectrum  o f th e  o rd in a ry  a c id . The e lev en th , which i s  masked by 

th e  carboxyl band a t  1298 cm~l in  F ig . 4 -1 , appears in  th e  spectrum o f 

d eu te ra ted  a c id  and in  th a t  o f  th e  c ry s ta l  s l i c e s .

A c tu a lly , each band i s  an a^-b^ do u b le t. In  th e  sp ec tra  shown

68e , E. Ferguson, J .  Chem. Phys. 24, 1H 5 (1956).
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in  F ig s . 4-1 and 4-3> ob ta ined  w ith the  r a d ia t io n  in c id e n t normal to  

th e  ab -p lan e , the  a -p o la r iz e d  b^ congxanents a re  much le s s  in te n se  than  

th e  b -p o la riz e d  a^ congxinents. The spectrum shown in  F ig . 4 -2 , ob tained  

w ith  r a d ia t io n  in c id en t p a r a l l e l  to  the  b -a x is ,  on ly  inc ludes th e  b^ 

modes. The record  shows th a t  they  a re  p o la riz ed  more n ea rly  p a r a l le l  

than  perp en d icu la r to  th e  chain  axes. These bands a re  about a s  strong 

as  th e  au bands. A pparently , they  a re  weak in  F ig . 4-1 because th e i r  

changes in  d ipo le  moment make an angle o f only  about 15° w ith  th e  

normal to  th e  ab -p lane .

The number and re g u la r  spacing o f  th e  bands in  th e  s e r ie s  make 

i t  alm ost c e r ta in  th a t  th ey  a re  caused by v ib ra tio n s  whose frequencies 

a re  determ ined p rim arily  by motion o f  th e  methylene ch a in s . However, 

th e  in t e n s i t i e s  o f th e se  bands in  th e  sp ec tra  o f  th e  a c id s  a re  much 

g r e a te r  than  any n ear th e se  freq u en cies  in  th e  sp ec tra  o f th e  n -p a ra f

f i n s .  I f  the  carboxyl end groups can so g re a tly  a f f e c t  th e  in te n s i t i e s  

o f  th e se  bands, they  may a ls o  in flu en ce  t h e i r  p o la r iz a t io n .

The h igh ly  p o la r  carboxyl groups may be expected to  have some 

e f f e c t  on th e  e l e c t r i c a l  p ro p e r tie s  o f a d jac e n t m etlylene groups, and 

w i l l  be coupled m echanically  w ith  th e  v ib ra t in g  ch ain . The e x te n t o f 

th e  mixing o f chain and end group v ib ra tio n s  w i l l  depend on th e i r  f r e 

quencies and symmetries.

Two carboxyl bands l i e  near the  s e r ie s  in  th e  sp ec tra  o f  th e  

C-form, a t  1298 and near 1435 cm“l  in  th e  o rd in a ry  s te a r ic  a c id  and near 

1050 and 1365 cm~l in  th e  d e u te ra te d  a c id . These bands have been a s 

c rib ed  to  C-0 s tre tc h in g  and C-C-H o r C-O-D ang le  deform ation.^^

In th e  th re e  diagram s o f F ig . 1 -5 , th e  carboxyl groups o f  the
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C-form o f la u r ic  a c id  a re  p ro jec ted  on th e  a b - , th e  a c - ,  and th e  bc- 

p lanea . The p ro je c tio n  o f  the  C-OH bond upon th e  ac -p lan e  makes an 

ang le  o f  about 10° w ith th e  normal to  th e  ab -p lan e . According to  

Table 4 - I I ,  th e  b^ components o f  th e  band s e r ie s  have maximum in te n s i ty  

when the  e le c t r i c  v ec to r o f  th e  r a d ia t io n  makes an angle o f  15° w ith  

th e  normal to  th e  ab -p lan e . The p ro je c tio n  o f  th e  C-OH bond upon th e  

ab -p lane  makes an angle o f  only about 11° w ith th e  b -a x is . In  th e  

spectrum obtained  w ith  the  ra d ia t io n  in c id e n t normal to  the  ab -p lan e , 

th e  b -p o la rized  (a%) bands in  th e  s e r ie s  a re  more in te n se  than  th e  

a -p o la r iz e d  (b^) bands.

I t  has a lre ad y  been mentioned th a t  th e  absorbance o f th e  a^ and 

b^ components o f  th e  band s e r ie s  a re  approxim ately eq u al. The au com

ponent i s  s t r i c t l y  b -p o la r iz e d , and th e  bu component i s  p o la rized  very 

n ea rly  normal to  th e  ab -p lan e . I t  i s  shown in  F ig . 1-5 th a t  th e  pro

je c t io n  o f  th e  C-OH bond upon th e  bc-p lane  has n early  equal components 

p a r a l le l  and p erpend icu la r to  th e  b -a x is .  Thus, coupling w ith  th e  

s tre tc h in g  o f th e  C-OH bond could account fo r  th e  observed p o la r iz a t io n  

o f  th e  bands in  th e  s e r ie s .

On th e  o th e r hand, th e  chain  v ib ra tio n s  could equally  w e ll be 

co u jled  w ith  the  0-H o r 0-D bending motion. S ince th e  p o s itio n s  o f 

th e  H- and D-atoms a re  no t p re c is e ly  known, i t  i s  no t p o ssib le  to  p re 

d ic t  th e  d ir e c t io n  o f  th e  change in  d ipo le  moment a sso c ia te d  w ith  t h i s  

v ib ra t io n . I t  can be seen in  th e  spectrum o f  F ig . 4-3 th a t  th e  band 

near 1050 cm“^ a t t r ib u te d  by Hadzi and Sheppard to  0-D bending in  th e  

carboxyl p lane i s  p o la rized  in  th e  same d ire c tio n  a s  the  bands in  th e  

s e r ie s .  In  e i th e r  case , i t  seems very l ik e ly  th a t  i f  th e  high in t e n s i t i e s
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o f  th e  bands in  th e  s e r ie s  a re  produced by coupling w ith  carboxyl motion, 

i t  i s  w ith  a COH v ib ra tio n  in  th e  carboxyl p lane.

The question  then  a r i s e s  as  to  Wiich type o f methylene v ib ra 

t io n s  would be nore l ik e ly  to  mix w ith a COH v ib ra tio n  in  th e  carboxyl 

p lan e . Though the  carbon sk e le to n  i s  e s s e n t ia l ly  p la n a r , th e  atoms o f 

th e  carboxyl groups do not l i e  q u ite  in  th e  s k e le ta l  p lan e . However, 

th e  d isplacem ents o f th e  atoms from th e  chain  plane a re  not g re a t .  The 

C=0 bond and th e  C-OH bond makes ang les o f about 5° w ith  th e  plane o f 

th e  th re e  end carbon atoms in  th e  C-form o f la u r ic  a c i d . ^  The wagging 

v ib ra tio n s  o f th e  CH2 groups, which a re  symmetric w ith  re sp ec t to  a 

r e f le c t io n  in  th e  s k e le ta l  p lane should couple more re a d ily  w ith  a  COH 

v ib ra t io n  in  th e  carboxyl {lane than  should th e  tw is tin g  modes, which 

a re  antisym m etric . A lso, th e  displacem ent o f th e  s k e le ta l  carbon atoms 

w il l  be g re a te r  fo r  wagging than  fo r  tw is tin g  modes, so th a t  the coup

l in g  through th e  l a s t  carbon-carbon bond should be g re a te r .

The low est frequency band a t  1166 cm"^ i s  very near th e  l im i t  

o f  th e  wagging s e r ie s  o f  octadecane, and the  s e r ie s  extends p a s t th e  

upper l im i t  observed fo r  th e  tw is tin g  modes o f octadecane. A ll th e se  

fa c to rs  support th e  assignm ent o f  th e  bands in  th e  s e r ie s  as  e s s e n t ia l ly  

wagging modes.

S ince the spacing o f  th e  bands in  th e  s e r ie s  i s  about h a l f  th a t  

in  th e  octadecane wagging s e r ie s ,  and since th e  number o f  doub le ts  ob

served i s  g re a te r  than h a l f  th e  number o f methylene groups, i t  may be 

concluded th a t  a l l  the  wagging modes a re  a c t iv e .  The h igher frequency 

bands a re  e i th e r  too weak to  be observed o r a re  masked by s tro n g e r bands. 

The f a c t  th a t  th e  number o f bands u su a lly  observed i s  approxim ately h a l f
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th e  nunfcer o f CH2 groups must th en  be considered fo r tu ito u s*

The CHg tw is tin g  modes a re  ap p aren tly  masked by th e  stroi^g 

wagging s e r ie s .  However^ some in d ic a tio n  o f a  c o n tr ib u tio n  to  th e  

ab so rp tio n  o f th e  B -fom  o f s te a r ic  a c id  by tw is tin g  v ib ra tio n s  has 

been observed (see  th e  sec tio n  on th e  B-form o f  s te a r ic  a c id ) .

Methyl Group V ib ra tions 

Three bands in  th e  spectrum o f th e  C-form o f  s te a r ic  a c id  may 

be a sc r ib e d  to  v ib ra tio n s  o f  th e  methyl end groups. The band near 

890 cm~^ has about th e  same frequency a s  th a t  assigned  to  methyl in 

p lane rocking in  octadecane.

Two bends s im ila r  in  frequency and r e la t iv e  in te n s i ty  to  bands

o f a t t r ib u te d  to  m ethyl deform ation a re  observed in  o rd in ary

s te a r ic  a c id  a t  1371 and 1379 cm~^. The p o la r iz a t io n s  o f th e se  two 

bands, however, a re  j u s t  th e  re v e rse  o f  those  o f th e  bands a t  I 368 and 

1379 cm“^ in  n-C^^Hy2̂ . In  th e  spectrum o f  th e  C-form o f s te a r ic  a c id , 

th e  s tro n g e r band a t  th e  low er frequency i s  p o la rized  in  th e  a -d ire c t io n ,  

id ii le  th e  h igher-frequency  weaker band i s  p o la rized  in  th e  b -d ire c t io n  

when th e  ra d ia t io n  i s  in c id e n t normal to  th e  ab -p lan e . This i s  p re

sumably due to  th e  f a c t  th a t  th e  chain  t i l t  i t  toward th e  a -a x is  ra th e r

th a n  toward th e  b -a x is  a s  in  th e  m onoclinic normal p a ra f f in s .

Methylene Deformation 

In  th e  sp ec tra  shown in  F ig s . 4 -1  and 4 -3 , th e  s tro n g  double ts  

w ith  components a t  I462 and 1472 cm~^ may be assigned  a s  m ethylene de

form ation  fundam entals. I t  i s  shown in  Table 4-11 th a t  th e  change in  

d ip o le  moment o f  th e  b^ ccmqponent i s  approxim ately p e rp en d icu la r to  the
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ch a in  ax es . This i s  what would be expected.

In  the spectrum o f  th e  o rd inary  a c id  an  a^-b^ doublet appears 

a t  1406 and I 4IO cm“^ . A corresponding band a t  1409 cm“^ i s  observed 

in  th e  deu tera ted  a c id . Though i t s  s p l i t t i n g  i s  n e g lig ib le , i t  must 

a ls o  be considered a d o u b le t, s ince  i t  has components in  both a -  and 

b -d ir e c t io n s .  Bands near th e se  p o s itio n s  have p rev io u sly  been a t t r i b 

u ted  to  deform ation o f methylene groups ad jacen t to  th e  carboxyl 

g r o u p s . I t  i s  shown in  Table 4 -1  th a t  th e  p o la r iz a t io n  o f th e  

band a t  I 4O6 cm~^ i s  th e  same a s  th a t  o f th e  1472 cm-1 band. This 

supports  th e  previous in te r p r e ta t io n .

The lack  o f s p l i t t i n g  o f  the  1409 cm~^ band i s  no t f u l ly  under

s to o d . However, the sep a ra tio n  o f  a ^  and b^ components o f t h i s  and th e  

corresponding doublet in  th e  o rd in a ry  a c id  should be l e s s  than  th a t  o f 

th e  1462 -  1472 cm~l d o u b le ts , s in ce  the  methylene group causing th e  

a b so rp tio n  i s  ad jacen t only  to  two methylene groups o f neighboring ch a in s .

Carboxyl Group Bands 

The band a t  about 689 cm~^ in  the  spectrum o f th e  C-form of 

o rd in a ry  s te a r ic  a c id  (F ig . 4 -1 ) has a  strong component in  th e  a -d ire c t io n .  

T able 4 - H  shows th a t  i t  i s  a c tu a l ly  p o la rized  in  a  d ire c t io n  which makjes 

an ang le  o f  about 45° w ith  th e  a - a x is .  Hadzi and Sheppard^^ have i n t e r 

p re te d  t h i s  band a s  r e s u l t in g  from deform ation o f th e  O-C^O bond an g le . 

Since t h i s  v ib ra tio n  would be expected to  have a change in  e le c t r i c  

moment roughly p a r a l le l  to  th e  chain  axes, t h e i r  in te rp re ta t io n  i s  con

s i s t e n t  w ith  th e  observed p o la r iz a t io n .

The strong broad band a t  940 cm~^ must be in te rp re te d  a s  an a ^ - 

bu d o u b le t, though no s p l i t t i n g  i s  observed in  F ig . 4 -1 . Hadzi, Sheppard



105
and o thers^^  have a t t r ib u te d  bands near t h i s  p o s it io n  to  v ib ra tio n s  o f 

th e  hydrogen atom ou t o f  the  carboxyl p lan e . The p o la r iz a t io n  o f  the  

bu component, shown in  F ig . 4-2 to  be approxim ately perp en d icu la r to  

th e  chain  ax es , supports t h i s  assignm ent.

According to  Hadzi and Sheppard, th e  strong  bands near 129S and

1435 cm~^ a re  caused by mixed C-OH s tre tc h in g  and C-O-H ang le  deform ation. 

A w e ll-d e fin ed  doub le t i s  observed a t  1429 and 1436 cm~^, b u t though

th e  band a t  1296 cm~^ must be in te rp re te d  as  an &u~^i d o u b le t, the  

s p l i t t i n g  i s  n e g lig ib le .

Table 4 -H  shows th a t  th e  b^ bands a t  1436 cm~l and 1296 cm~  ̂

a re  p o la rized  in  d ire c t io n s  vdiich make ang les o f  about 30°  and 75°, 

r e s p e c tiv e ly , w ith  th e  normal to  th e  ab -p lan e . Since th e  band a t

1436 cm~^ i s  p o la rized  more n early  in  th e  d ire c tio n  o f th e  p ro je c tio n  

o f  th e  C-OH bond on the  a c -p lan e , i t  may be caused p rim arily  by C-OH 

s tre tc h in g . However, th e  f a c t  th a t  i t s  p o la r iz a t io n  d e v ia te s  about 20° 

from th e  d ire c t io n  o f th e  C-OH bond in d ic a te s  th a t  th e  v ib ra t io n  in 

vo lves an ap p rec iab le  deform ation o f  th e  C-O-H an g le .

The ab so rp tio n  n ear I 7OO cm~^ has been a sc rib ed  to  s tre tc h in g  

o f th e  C=0 bond. In  th e  spectrum  shown in  F ig . 4 -1 , obtained  w ith th e  

ra d ia tio n  in c id e n t normal to  th e  ab -p lan e , two bands appear. That a t  

1684 cm~^, p o la riz ed  in  th e  b -d ir e c t io n ,  i s  s l ig h t ly  more in ten se  th an  

th e  band a t  1695 cm~^. This i s  c o n s is te n t w ith  th e  f a c t  th a t  th e  p ro 

je c t io n  o f th e  C=0 bond on th e  b -a x is  i s  g re a te r  th an  i t s  p ro je c tio n  on 

th e  a -a x is  (see  F ig . 1 -5 ) .

A band a t  1695 cm~l appears in  th e  record  ob ta ined  w ith  r a d i

a t io n  p o la riz ed  in  th e  a -d i r e c t io n ,  bu t a t  th e  same frequency a  shoulder
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appears on th e  b -p o la riz e d  band a t  1684 In th e  sp ec tra  o f  th e

c ry s ta l  s l i c e s ,  th e  in te n s i ty  o f th e  1695 cm~^ band v a r ie s  l i t t l e  w ith 

ro ta t io n  o f  th e  p lans o f  p o la r iz a t io n . This f a c t  i s  no t understood.

Hadzi and Sheppard^^ have observed th a t  s tro n g  bands near 

900 cm~^ in  th e  sp ec tra  o f  o rd inary  carboxylic  a c id s  a re  l e s s  in te n se , 

o r not observed a t  a l l ,  in  the  sp ec tra  o f  a c id s  in  which th e  carboxyl 

hydrogen i s  rep laced  b7 deuterium . This supported t h e i r  id e n t i f ic a t io n  

o f th ese  bands w ith  motions o f th e  carboxyl hydrogens. The c o rre 

sponding v ib ra t io n s  in  th e  d eu te ra ted  ac id  were a sso c ia te d  w ith  bands 

near T O O cm~^. In  the sp ec tra  o f  th e  normal f a t t y  a c id s  th e se  bands 

were thought to  be superposed on the  band re s u l t in g  from deform ation 

o f th e  0-C=0 an g le .

In  th e  spectrum o f d eu tera ted  s te a r ic  a c id  shown in  F ig . 4-3 

th e  ab so rp tio n  near 700 cm“l  i s  reso lved  in to  a band a t  66? cm”^ p o la r

ized  in  th e  a -d ire c t io n ,  and an a^-b^ doublet a t  696 cm~^. The band 

a sc rib ed  to  0-0=0 deform ation in  th e  o rd inary  a c id  i s  p o la riz ed  in  the 

a -d ire c t io n ;  hence, i t  i s  reasonable to  assume th a t  th e  band a t  66? cm~^ 

i s  caused by a s im ila r  v ib ra tio n . I t s  frequency i s  s l ig h t ly  lower than 

in  th e  o rd inary  a c id  because o f th e  in c reased  mass o f th e  hydroxyl group. 

The doublet a t  696 cm“l  can then  be a t t r ib u te d  to  0-D o u t-o f-p lan e  

bending.

A strong band near IO5O cm“^ in  th e  sp ec tra  o f  s e v e ra l deu

te r a te d  a c id s  has been a sc rib ed  by Hadzi and Sheppard to  a  v ib ra tio n  

invo lv ing  p rim arily  0-D bending in  th e  p lane  o f th e  c a ito x y l group.

The two s tro n g e s t bands near th is  frequency in  the  spectrum  o f  the
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C-form o f  d eu tera ted  s te a r ic  a c id  a re  the  band a t  1049 cm'^ p o la riz ed  

in  th e  b -d ir e c tio n  and th a t  a t  IO56 cm~l p o la riz ed  in  th e  a -d ire c t io n .  

These bands have been a ss ig n ed  a s  th e  a^ and b^ components o f  in -p lan e

0-D bending.

For each doublet a ss ig n ed  to  s k e le ta l  s tre tc h in g  v ib ra tio n s  

o f  o rd in a ry  s te a r ic  a c id ,  th e re  i s  a  doublet a t  e s s e n t ia l ly  th e  same 

frequency in  the  spectrum o f  th e  d eu te ra ted  a c id . However, th e  in 

t e n s i t i e s  o f  these  bands, p a r t ic u la r ly  th e  components p o la riz ed  in  th e  

b -d i r e c t io n ,  a re  con sid erab ly  g re a te r  in  th e  d eu te ra ted  a c id . Since 

th e re  i s  presumably no a p p re c ia b le  d if fe re n c e  in  th e  geometry o f  th e  

d e u te ra te d  and o rd in ary  c r y s ta l s ,  the  in c reased  in te n s i ty  o f  th e  sk e le 

t a l  bands must be a t t r ib u te d  to  coupling w ith  th e  0-D bending m otion. 

A pparently , th e  motion o f  th e  end-group i s  s u f f ic ie n t  to  la rg e ly  d e te r 

mine th e  in te n s i t i e s  and p o la r iz a t io n  o f  th e  s k e le ta l  v ib ra tio n s  w ith 

ou t a l t e r in g  th e i r  freq u en c ies  ap p rec iab ly . This len d s  some support to  

a ssu z p tio n s  made e a r l i e r  regard ing  th e  mechanism by which th e  in te n s i 

t i e s  o f  chain  v ib ra tio n s  a re  enhanced by carboxyl g roups.

In  th e  spectrum  o f  th e  d eu te ra ted  s te a r ic  a c id  shown in  F ig . 4-3» 

a s tro n g , broad doub le t appears  a t  about 1370 cm~^. A band a t  t h i s  

—p o s it io n  has been a sc rib e d  to  C-OD s tre tc h in g  by Hadzi and Sheppard.

I f  t h i s  doub le t i s  caused by C-OD s tre tc h in g , i t  i s  su rp r is in g  th a t  

i t s  components a re  so n e a r ly  equal in  in te n s i ty ,  fo r  th e  p ro je c tio n  o f  

th e  C-0 bond on th e  ab -p lane  i s  n ea rly  p a r a l le l  to  th e  b -a x is  (see  F ig .

1-5 ) •

I t  i s  u n fo rtu n a te  th a t  c ry s ta ls  grown o f  th e  C -fo m  o f  th e  

d e u te ra te d  a c id  were no t th ic k  enough to  a llo w  th e  c u tt in g  o f  s u ita b le
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s l i c e s .  No doubt an exam ination o f th e  p o la r iz a t io n  o f  th e  b^ bands, 

p a r t ic u la r ly  those between 1000 and 1500 cm~l, would r e s u l t  In  a  b e t te r  

understand ing  o f the  In te ra c t io n s  between th e  carboxyl groups and th e  

m ethylene ch a in s .

The B-Form o f  S te a r ic  Acid

C ry s ta l s tru c tu re  d a ta  fo r  th e  B-form o f  th e  normal f a t ty  

a c id s  a re  n o t so complete a s  f o r  th e  C-form. The Inform ation  a v a i l 

a b le  I s  summarized In  Chapter I .

L ike th e  C-form, th e  B-form I s  m onoclln lc, having two dim ers 

p e r u n i t  c e l l ,  w ith  th e  m ethylene chains packed a s  In  the  orthorhombic 

normal p a r a f f in s .  The u n i t  c e l l  group I s  ag a in  Isom orphic to  the  

p o in t group Cgh* As In  th e  C-form, th e  dimers a re  cen trosynm etrlc , 

and th e  aysm etry c e n te r  o f  a  dimer I s  an In v e rs io n  c e n te r  fo r  th e  

u n i t  c e l l .  U nit c e l l  group fundam entals a re  Raman- o r  In f ra re d -a c tiv e  

according  to  t h e i r  syzmetry o r  an tlsym netry  w ith  re s p e c t to  an In 

v e rs io n .

In  o th e r  re s p e c ts , th e  B- and C-forms a re  q u ite  d i f f e r e n t .

The tw ofo ld  screw r o ta t io n  a x is  o f th e  B-form I s  p a r a l le l  to  th e  a -a x is  

r a th e r  th an  to  the  b -a x ls ,  so th a t  In f ra re d -a c tiv e  normal modes o f 

sp ec ie s  a ^  in  th i s  case a re  p o la rized  In  th e  d ire c t io n  o f  th e  a - a x ls ,  

td iU e th o se  o f  sp ec ies  bu a re  p o la rized  p e rp en d icu la r to  th e  a -a x is .

In  th e  B-fozm, th e  chain  axes a re  t i l t e d  only  24° away from 

th e  normal to  th e  ab -p lan e , and toward th e  b - a x l s . T h i s  small t i l t  

Inqalles th a t  th e  sep a ra tio n  o f  th e  carboxyl groups o f  th e  two dimers 

in  th e  u n i t  c e l l  i s  l e s s  th an  in  th e  C-form.

"Hiere i s  a lso  some d iffe re n c e  in  th e  m olecular c o n fig u ra tio n



109
in  th e  two c r y s ta l  form s. In  th e  B-form, th e  ca rb o jy l carbon-m sth jlene 

carbon bond i s  ro ta te d  out o f  th e  s k e le ta l  p lan e , w hile in  th e  C-form 

a l l  o f  th e  carto n  atoms l i e  f a i r l y  a c c u ra te ly  in  the  p lane .

C ry s ta ls  o f th e  B-form have th e  losenge shape c h a r a c te r is t ic  

o f  th e  orthorhom bic chain  packing. The in te red g e  ang le  i s  about 74°. 

The ab -p lane  i s  p a r a l le l  to  th e  lo senge  face and th e  a  and b axes a re  

p a r a l le l  to  b is e c to rs  o f  th e  a cu te  and obtuse in te red g e  an g le s , re 

s p e c tiv e ly . The chain  axes th e re fo re  make an  ang le  o f  24° w ith  a  

normal to  th e  c r y s ta l  face .

A losenge-shaped c r y s ta l  o f  s te a r ic  a c id  having an in te red g e  

angle o f  74° was mounted so th a t  th e  in f ra re d  r a d ia t io n  was in c id e n t 

normal to  th e  su rface  o f th e  lo zen g e . I t s  ab so rp tio n  was recorded  w ith 

th e  plane o f p o la r iz a t io n  o f th e  r a d ia t io n  b ise c tin g  th e  acu te  and ob

tu s e  a n g le s , re s p e c tiv e ly . This spectrum, i s  shown in  F ig . 4-4* The 

spectrum  o f  a  s im ila r  c r y s ta l  o f p a lm itic  a c id , ob tained  by an id e n t i 

c a l  p rocedure, i s  included in  Appendix I  (Fig,  A 1 -2 ) .

I t  w i l l  be shown in  a  l a t e r  se c tio n  th a t  an  in te red g e  ang le  o f 

74° i s  n o t conclusive  proof th a t  a  f a t t y  a c id  c r y s ta l  has th e  B-form. 

However, von Sydow has pub lished  a p a r t i a l  spectrum  o f  a  Nujol m ull o f 

s te a r ic  a c id  c ry s ta ls  whose B-foim s tru c tu re  was determ ined from X-ray 

m easurem ents.^^ The s im ila r i ty  o f t h i s  spectrum  to  th a t  o f  F ig . 4-4  

p rov ides a  q u ite  c e r ta in  id e n t i f i c a t io n  o f  th e  l a t t e r  a s  th e  spectrum  

o f  a  B-form c r y s ta l .

The s o l id  curve in  F ig . 4 -4  was th e re fo re  obtained  w ith  th e  

e l e c t r i c  v e c to r  o f  th e  in c id e n t r a d ia t io n  p a r a l le l  to  th e  a - a x is ,  and 

th e  broken curve w ith the  e l e c t r i c  v ec to r p a r a l l e l  to  th e  b -a x is .  The
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bands appearing in the solid and broken curves correspond to vibrations 
of species a^ and bu, respectively.

Though the a^ nodes are polarized strictly parallel to the 
a-axis, the change in dipole moment associated with the b^ vibrations 
may have cosqponents both parallel to the b-axis and normal to the 
ab-plane. To study the polarization of the b^ vibrations, crystals 
of the B-form of stearic acid were sliced perpendicular to the a-axis. 
The slices were examined visually between crossed polarizers. The 
light was extinguished when the electric vector of the incident radi
ation made angles of about 112® and 22® with the b-axis. It was assumed 
that for these two directions, the electric vector was approximately 
parallel and perpendicular, respectively, to the chain axes.

The c r y s ta l  s l ic e s  were th en  mounted so t h a t  th e  in fra re d  

r a d ia t io n  was in c id e n t in  th e  d i r e c t io n  o f  th e  a - a x is .  S pectra  were 

recorded  w ith  th e  r a d ia t io n  p o la riz ed  f i r s t  p a r a l le l  th en  perp en d icu la r 

to  th e  chain  ax es . The two curves in  F ig . 4-5 re p re se n t th e  sp ec tra  

ob ta ined  in  th e se  two p o s it io n s .

In  Table 4 - I H  a re  g iven  th e  freq u en c ies  and in d ic a tio n s  o f  

th e  r e la t iv e  i n t e n s i t i e s  o f  th e  bands shown in  F ig . 4-4* The l e t t e r s  

a and b r e f e r  to  th e  a -  and b-axes o f  th e  u n i t  c e l l  and in d ic a te  th e  

d ir e c t io n  o f  th e  e l e c t r i c  v e c to r  f o r  which th e  band was observed.

The bands maxiced b belong to  sp ec ie s  b^ and appear in  both 

F ig s . 4 -4  and 4-5* The symbols ( // ) and ( i ) in  th e  Table in d ic a te  

w hether th e  change in  d ip o le  moment in  a  b^ v ib ra tio n  i s  e s s e n t ia l ly  

p a r a l l e l  to  o r  p e rp en d icu la r to  th e  ch a in  ax es . Included in  th e  Table 

a re  th e  r e la t iv e  i n t e n s i t i e s  o f  th e se  bands a s  shown in  F ig . 4-5*
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TABLE 4 -I I I

INFRARED SPECTRUM OF THE B-FORM OF STEARIC ACID

Have
Number

Intensity & 
Polarization 
in Fig. 4-4

Intensity & Interpretation
Polarization
in Fig. 4-5

719
729

s
8

b
a

a
R (CHg Rocking)

733 W b 1 w R
745 w b 1 w R
764 w b J . w R
765 vw a
786 w b 1 w R
817 w b JL w R
847 w b 1 w R
866 vw b 1 vw
874 w b j_ w
894 I I w CH3 Rocking Parallel to 

the Skeletal Plane
871 8 a
884
908
918

943

8

m

m

vw
w w

a

b
a

I I , J , m

Mixed 0-H Bending and 
CH2 Rocking

R

989
991

vw
ww

b
a "I
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4-III (Continued)

Wave Intensity & Intensity & Interpretation
Number Polarization Polarization

in Pig. 4-4 in Fig. 4-5

1021 vw a
> S (C-C stretching)_

1022 vw b i  , I I vw J
1039 vw b ± vw S
1058 vw a S
1070 w b,a 1 w S
1097 vw b.a S
1117 w b II m ̂

1 S
1121 m a J

1172 ww b
1181 vw a
1189 vw b // w
1193 vw a
1209 vw b // w
1211 w a
1225 w a
1231 vw b II m
1231 m a
1243 8 a
1251 W b N 8
1260 w a
1266 w b II a
1277 w a
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TABLE 4-1X1 (Concluded)

Wave
Number

Intensity & 
Polarization

Intensity & 
Polarization

Interpretation
in Pig. 4-4 in Pig. 4-5

1279 w b II 8

1293 w b f t m

1294 w a
1303 w b,a I I m

1318 vw b,a
1340 w a
1344 vw b I I w
1368 w b w
1373 vw a

CHg Symmetric Deformatic

1402 m b 1
CH2 Deformation

1403 m a J

1435 w b H s

1443 w a
C-0 Stretching

1462 s b jL
CHg Deformation

1472 8 a J
1690 VS b _L vs
1710 vs a

C =0 Stretching
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Many fe a tu re s  o f  the  sp ec tra  o f th e  B-form shown in  F igs. 4-4 

and 4-5 a re  s im ila r  to  those o f the spectrum  o f  th e  C-form. The bands 

near 1410 and I 465 cm~^ may again  be a t t r ib u te d  to  methylene d e fo r

m ation; a s e r ie s  o f  bands between 700 and 1000 cm~^ may be a sso c ia te d  

w ith  methylene rock ing , and se v e ra l bands in  th e  reg io n  from 1000 

to  1150 cm 'l can be assigned  a s  s k e le ta l  deform ation bands. A lso, a s  

in  th e  spectrum  o f  the C-form, a  s e r ie s  o f  bands i s  observed between 

1170 and 1350 cm~l.

The bands o f th e  B-form a t  about 1700 and 1435 cm~^, and a lso  

th e  strong  bands n ear 1250 and 900 cm"^, may be a sc rib e d  to  carboxyl 

v ib ra tio n s , a s  were bands near th e se  freq u en c ies  in  th e  spectrum o f 

th e  C-form.

D espite  th e se  s im i la r i t i e s ,  the  spectrum  o f  th e  B-form d i f f e r s  

g re a t ly  in  many ways from th a t  o f  the  C-form. No band having a f r e 

quency between 65O and 700 cm"^ i s  observed in  th e  B-form. The r e la t iv e  

in te n s i t i e s  o f  th e  a^  and b^ components o f th e  methylene rocking and 

deform ation d o u b le ts  a re  d i f f e r e n t  from those  observed in  the  C-form.

The sep a ra tio n  o f  th e  two components o f th e  d oub le t n ear 1700 cm“^ 

i s  n ea rly  tw ice  t h a t  fo r  th e  doub le t in  th e  C-form.

Perhaps th e  g re a te s t  d iffe re n c e  i s  in  th e  appearance o f th e  

bands n ear 900 cm“^ and in  th e  reg ion  between 1170 and 1350 cm"!. In  

th e  C-form, s trong  carbojqrl doublets near 900 and 1250 cm“^ may e a s ily  

be d is tin g u ish e d  from bands a t t r ib u te d  to  methylene v ib ra t io n s . For 

each o f  th e se  d o u b le ts , th e  d iffe ren ce  in  frequency o f  th e  a^  and bu 

components i s  n e g lig ib le .  In th e  spectrum o f  th e  B-form shown in  F ig . 

4- 4» the  a b so rp tio n  near 900 and 1250 cm“^ appears a s  broad bands w ith
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one o r more s tro n g  shoulders o r  submaxijaa. The maximum o f in te n s i ty  

o f  th e  broad a^  band i s  in  each case separa ted  in  frequency from th a t  

o f  th e  bg band.

The rem ainder o f t h i s  sec tio n  w i l l  be devoted to  a  d iscu ss io n  

o f  th e se  and o th e r  a sp ec ts  o f th e  spectrum o f  th e  B -fo m .

In  th e  spectrum o f  th e  C -fom  th e  band a t  6Ô9 cm”^ was a t 

tr ib u te d  to  a deform ation o f  th e  0-C=0 a n g le . S ince t h i s  i s  e s s e n t ia l ly  

a  s k e le ta l  v ib ra t io n ,  i t s  frequency may be low er in  th e  B -fom  because 

o f  th e  d i f f e r e n t  o r ie n ta tio n  o f  th e  carboxyl group r e la t iv e  to  th e  

methylene ch a in , tiadsi and Sheppard have re p o rte d  th a t  th e  freq u en c ies  

o f  bands in  t h i s  reg ion  vary considerab ly  among d i f f e r e n t  carboxy lic  

a c id s .56

In  th e  spectrum  shown in  F ig . 4 -4 , o b ta in ed  w ith  th e  r a d ia t io n  

in c id en t normal to  th e  a b -f la n e , th e  i n t e n s i t i e s  o f  th e  two congwnents 

o f  th e  s tro n g  methylene rocking doub le t a t  719 and 729 cm“^ a re  n e a r ly  

eq u al. The b^ conqx>nents o f  th e  h igher frequency members o f  th e  rock

ing s e r ie s  a re  much more in te n se  r e la t iv e  to  o th e r  bands in  t h i s  reg io n  

than  in  th e  C -fo m , so th a t  th e  s e r ie s  can be more e a s i ly  tra c e d . The 

frequencies o f  bands in  th i s  s e r ie s  l i e  near th o se  observed fo r  th e  

C -fom , bu t a re  somewhat h ig h e r . The l a s t  band which may d e f in i te ly  

be id e n t i f ie d  as  a rocking mode l i e s  a t  989 cm~l, w hile  th e  observed 

upper l im i t  was 1015 cm~^ fo r  th e  C -fom .

The f a c t  th a t  th e  freq u en c ies  o f  th e  rock ing  bands a re  h ig h er 

and th e  upper l im i t  o f  th e  s e r ie s  i s  lower in  th e  B -fom  than in  th e  

C -fom  may be due to  th e  displacem ent o f  th e  carboxyl carbon ou t o f  

th e  s k e le ta l  p lan e . This w il l  probably cause th e  n e a re s t CHg group
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not to  be symmetric w ith re sp ec t to  the  s k e le ta l  p lane , so th a t  th e re  

i s  one le s s  CH2 group in  th e  re g u la r  p o rtio n  o f  th e  chain .

The high in te n s i t i e s  o f th e  bu rocking bands above 719 cm~l 

i s  not understood. Since only th e  h igher-frequency  s e r ie s  members a re  

enhanced, i t  cannot be caused by a d is to r t io n  o f  the  orthorhombic 

packing. I f  i t  i s  caused by mechanical coupling  w ith  the  end-group 

v ib ra tio n s , t h i s  coupling does not appear to  a l t e r  th e  p o la r iz a t io n .

The spectrum shown in  F ig , 4 -5 , obtained w ith  th e  ra d ia tio n  in c id e n t 

in  th e  d ire c t io n  o f  th e  a - a x is ,  shows th a t  th e  b^ components o f  th e  

rocking doub le ts  a re  p o la rized  perpendicu lar to  th e  chain ax es , as 

they  a re  in  th e  C-form,

The bu-a|i doublet a t  1021 and 1022 cm"! was not included  in  

the  rocking s e r ie s  because th e  change in  d ip o le  moment a sso c ia ted  w ith 

the  bu band has a  component p a r a l le l  to  th e  ch a in . The band a t  1039 cm-1 

i s  be lieved  to  have too  high a frequency to  be a  member o f  th e  rocking  

s e r ie s .  The raaa in in g  bands up to  1121 cm“l  have frequencies very  near 

those o f bands asc rib ed  to  s k e le ta l  v ib ra tio n s  in  the  C-form, though 

th e i r  r e la t iv e  in te n s i t i e s  a re  d if f e r e n t .  A ll th e se  bands were a t 

tr ib u te d  to  s k e le ta l  v ib ra tio n s .

The s tro n g  doublet a t  940 cm~  ̂ in  th e  C-form o f s te a r ic  ac id  

was a t t r ib u te d  to  v ib ra tio n s  o f  th e  hydrogen atom out o f  the  carboxyl 

p lane . The doublet a t  1298 cm”l  was a sc rib ed  to  a C-O-H angle d e fo r

mation involv ing  p rim arily  motion o f th e  hydrogen atom in  th e  carboxyl 

p lan e . These bands may e a s i ly  be d is tin g u ish ed  from neighboring 

methylene bands because o f  th e i r  high in te n s i ty .

It was mentioned earlier that the absorption of the B-form of
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s te a r ic  ac id  near 900 and 1250 cm"^ appears to  c o n s is t o f broad bands 

w ith  one o r more submaximao An exam ination o f the  sp e c tra  o f  th in n e r  

c ry s ta ls  shows th a t  th e se  broad bands a re  produced by th e  overlapping  

o f sev e ra l sharp  bands o f  comparable in te n s ity q  The most in te n se  bands 

in  th e se  reg ions in  th e  B-form o f p a lm itic  ac id  a re  s h if te d  w ith re sp ec t 

to  those  in  th e  B-form o f  s te a r ic  acido (Compare Figo U-k in  t h i s  chap

t e r  w ith  F ig . A 1-2  in  Appendix I ) .  This in d ic a te s  a  s tro n g e r i n t e r 

a c tio n  between chain  and carboxyl v ib ra t io n s  in  the  B th an  in  th e  C-form. 

I t  i s  probable th a t  th e  bands near 1250 and 900 cm“^ in  th e  B-form a re  

caused by carboxyl and chain  m otions, mixed to  such an e x te n t th a t  in d i

v id u a l bands cannot be asc rib ed  to  e i th e r  chain o r carboxyl v ib ra t io n .

N evertheless, s in ce  th e  h igh in te n s i ty  o f th e se  bands must be 

caused by th e  p o la r  carboxyl groups, th e  sep a ra tio n  between th e  most 

in te n se  a%i and b^ bands may s t i l l  r e s u l t  f ra n  in te ra c t io n  between c a r

boxyl groups o f  d i f f e r e n t  dim ers. T his in te ra c t io n  i s  g re a te r  th an  in  

th e  C-form because o f  th e  g re a te r  p roxim ity  o f  th e  carboxyl groups in  

th e  B-form. This would a lso  account f o r  th e  inc reased  s p l i t t i n g  o f  th e  

C=0 s tre tc h in g  doublet near 1700 cm~^.

In  th e  reg ion  between 1170 and 1350 cm"^, two r a th e r  i r r e g u la r  

s e r ie s  occur. The bands o f one a re  p o la riz ed  in  th e  a -d ire c t io n  and 

those  o f  th e  o th e r  a re  p o la rized  e s s e n t ia l ly  p a r a l le l  to  th e  chain  a x is .  

The low est frequency b^ band l i e s  a t  1172 cm~l and th e  low est a^ band 

a t  1181 cm“^ . The h ig h est frequency bands in  each s e r ie s  appear to  be 

a t  1340 cm“l .

Only f o r  a  few bands near th e  upper l im it  o f  each s e r ie s  can 

corresponding au and bu components be d e f in i te ly  id e n t i f ie d .  Though
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th e  nundber o f  bands in  each s e r ie s  i s  roughly equal to  th e  number ob

served in  t h i s  reg io n  in  th e  C-form, no d e f in i te  c o r re la t io n  between 

bands o f  the  two c r y s ta l  forms has been foundo

Since the  molecule i s  not p la n a r , i t  i s  p o ssib le  th a t  both 

wagging and tw is tin g  modes a re  rep resen ted  in  th ese  s e r ie s .  This may 

be th e  cause o f  th e  appearance o f bands below th e  lower l im i t  observed 

fo r  th e  C-form. The a^ bands a t  1225 and 1231 cm~^, which a re  more 

c lo se ly  spaced th an  nearby a^ bands, may r e s u l t  from d i f f e r e n t  types 

o f v ib ra tio n s .

The arrangem ent o f  th e  chains in  th e  B-form o f s te a r ic  ac id  

i s  s im ila r  to  th a t  in  th e  m onoclinic n -p a ra f f in s , except th a t  th e re  

appears to  be no a l te rn a t io n  in  th e  t i l t  o f  th e  ch a in s . I t  i s  reason

ab le  to  assume th a t  th e  packing o f  th e  end groups, a t  l e a s t  w ith in  a 

la y e r ,  i s  not g re a t ly  d if f e r e n t  in  th e  two forms. The bands a t  1368 

and 1373 cm~^ have about th e  same r e la t iv e  in te n s i t i e s  and s im ila r  

p o la r iz a tio n  (excep t fo r  th e  d iffe re n c e  mentioned in  Chapter I I I )  as 

the  bands n ea r th e se  p o s itio n s  in  th e  spectrum o f  in

F ig , 3 -1 . They a re  th e re fo re  both  a sc rib ed  to  symmetric deform ation 

o f the  methyl groups.

In th e  spectrum shown in  F ig . 4-5» ob ta ined  w ith  ra d ia tio n  in 

c id en t in  th e  a -d ire c t io n , i t  may be seen th a t  th e  bu bands a t  1402 and 

1462 cm~l a re  both p o la rized  p erpend icu la r to  th e  chain  axes. This 

again  i s  c o n s is te n t w ith th e  in te rp re ta t io n  o f th e se  bands as methylene 

deform ation v ib ra t io n s .

The bu component o f th e  carboxyl doublet a t  I 436 cm“l  i s  p o la r

ized  p a r a l le l  to  th e  chain axes, as in  th e  spectrum o f  th e  C-form. I f
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the  in te rp re ta t io n  o f these  bands as  caused p rim arily  by C-OH s t r e tc h 

ing  i s  c o r re c t , th e  p o la r iz a t io n  in d ic a te s  th a t  th e  C-OH bond i s  

approxim ately p a r a l le l  to  th e  axes o f th e  chainso The la rg e ly  perpen

d ic u la r  p o la r iz a t io n  o f th e  band a t  1690 cm“^ i s  th e re fo re  c o n s is te n t 

w ith i t s  assignm ent as  0=0 s tre tch in g »

The A-Form o f  S te a r ic  Acid 

Of th e  th re e  common c r y s ta l  forms o f the  even-numbered normal 

f a t ty  a c id s , l e a s t  i s  known about th e  s tru c tu re  o f  th e  A-form» The in 

form ation a v a ila b le  i s  summarized in  Chapter I»

The o r ig in a l  b a s is  fo r  th e  desig n a tio n  "A" was th e  long spacing 

obtained by X-ray d i f f r a c t io n ,  which was g re a te r  fo r  th e  A-form than 

fo r th e  B- and C-forms. Von Sydow has a sso c ia ted  th e  l e t t e r  "A" a lso  

w ith a  c ry s ta l  form which e x h ib its  no d e f in i te  long s p a c i n g H i s  

determ ination  o f  th e  s tru c tu re  o f  t h i s  l a t t e r  form o f la u r ic  a c id  showed 

th a t  th e  chains a re  packed as in  th e  t r i c l i n i c  normal p a ra ffin s»  No 

long spacing i s  observed because carboxyl and methyl groups a re  packed 

s id e  by s id e . This c ry s ta l  form i s  t r i c l i n i c ,  w ith  th re e  dimers per 

u n it  c e l l .  The A-form w ith long spacing i s  t r i c l i n i c ,  w ith  one dimer 

per u n it  c e l l ,  and according to  von Sydow, a lso  has th e  t r i c l i n i c  chain  

packing.

T r ic l in ic  c ry s ta ls  o f s te a r ic  a c id  grown here were f i r s t  recog

nized  by th e i r  s u p e r f ic ia l  resem blance to  th e  t r i c l i n i c  n -p a ra f f in s «

The c ry s ta ls  a re  th in  sh ee ts  w ith  i r r e g u la r  edges» The sh ee ts  were 

marked by p a r a l l e l  l in e s  s im ila r  to  those  in  th e  octadecane c ry s ta ls .

A spectrum  o f s te a r ic  a c id  was recorded by a procedure analo 

gous to  th a t  used to  g e t th e  spectrum  o f octadecane shown in  Fig» 3-5»
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The c ry s ta l  was mounted so th a t th e  p o la rized  ra d ia tio n  was in c id e n t 

normal to  th e  la rg e  surfaceo A s in g le  strong  rocking band was observed 

a t  717 cm~l. I t  was seen to  vary in  in te n s i ty  as th e  c ry s ta l  was ro 

ta te d  about th e  norm al. The spectrum  rep resen ted  by th e  broken curve 

in  F ig . 4-6 was recorded w ith th e  o r ie n ta t io n  fo r  which th i s  band had 

maximum in te n s i ty .  The c ry s ta l  was then  ro ta te d  90® about th e  normal 

and th e  spectrum shown by the  s o lid  curve in  F ig . 4-6 was o b ta in ed . 

S pectra  o f  p a lm itic  a c id , ob tained  in  a s im ila r  manner, a re  included 

in  Appendix I .

The appearance o f s in g le  bands ra th e r  than  dou b le ts  a t  717 

and 1468 cm~^, and th e  f a c t  th a t  th e se  bands a re  p o la rized  a t  r ig h t  

ang les to  each o th e r , as a re  th e  corresponding bands in  th e  spectrum 

o f th e  t r i c l i n i c  n -p a ra f f in s , s tro n g ly  in d ic a te s  th a t  th e  chains have 

th e  t r i c l i n i c  packing. This resem blance extends a lso  to  sev e ra l bands 

near 3000 cm“l .  In  Appendix I I ,  assignm ents o f th e  bands o f t r i c l i n i c  

0-020^42 in  t h i s  reg ion  a re  d iscu ssed . The p o la r iz a t io n  and freq u en c ies  

o f  th ese  bands a re  compared w ith th o se  o f s im ila r  bands o f p a lm itic  a c id . 

The comparison le av es  l i t t l e  doubt th a t  th e  c ry s ta ls  o f  s te a r ic  and 

p a lm itic  a c id  whose sp ec tra  are  shown in  F ig s . 4-6 and A 1-3 have one 

o f  th e  two t r i c l i n i c  forms. Whether th e  c ry s ta ls  have th e  form w ith 

long spacing o r  th a t  having no long spacing i s  not c e r ta in .

Von Sydow has published a  p o rtio n  o f th e  spectrum o f a  poly

c r y s ta l l in e  sample o f  p a lm itic  a c id , CH (̂CH2)]j^C00H, which he s ta te s  

has th e  A - f o r m .5® He l a t e r  s ta te s  t h a t  th e  form which has no long 

spacing was observed only fo r  la u r ic  a c id , CH2 (CH2 )ioCOOH, and n ç rris tic  

a c id , CH^(CH2)i2C0®H«^^ Presumably, th en , th e  palm itic  a c id  c ry s ta ls
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whose spectrum  he p resen ted  have th e  form w ith long spacingo

Von Sÿdow*s spectrum  was obtained w ith a  sample suspended in  

a Nujol m ull and does not inc lude  the  reg ions near 720 and 1470 cm~  ̂

where th e  ab so rp tio n  o f  th e  m inera l o i l  i s  g rea te s to  The p o rtio n s  

included  d i f f e r  considerab ly  from those  shown in  F ig . A 1 -3 , Appendix I .  

Though t h i s  d iffe re n c e  may be due in  p a r t to  o r ie n ta t io n  e f f e c t s ,  the  

d if fe re n c e  in  frequency o f th e  strong  bands near 900 cm“l  i s  probably 

too  g re a t to  be accounted fo r  by anything bu t a d if fe re n c e  in  c ry s ta l  

s t r u c tu r e .

Von %rdow observed a s in g le  broad band w ith  a  maximum a t  935 cm~^. 

The s tro n g e s t o f  th e  two bands observed near t h i s  frequency in  th e  spec

trum o f t r i c l i n i c  p a lm itic  a c id  shown in  F ig . A 1-3 l i e s  a t  approxim ately 

880 cm“^ . I f  th e  spectrum  obtained  by von Sydow i s  t h a t  o f  th e  form 

w ith  long spacing , then  th e  form s tu d ied  here i s  probably th a t  w ith no 

long spacing . Two o b je c tio n s  to  t h i s  conclusion may be ra is e d .  Von Sydow 

has observed th e  form w ith  no long spacing only fo r  la u r ic  a c id , CHg- 

(CH2 )2oCOOH, and m y ris tic  a c id , CĤ ÇCHg)-! pCOOH, w hile th e  form w ith 

long spacing has been rep o rted  fo r  sev e ra l a c id s  w ith  lo n g e r chains, 

in c lu d in g  s te a r ic  and p a lm itic  a c i d s A l s o ,  von Sydow has reported  

th a t  th e  c ry s ta ls  w ith no long spacing were th ic k , id ii le  th o se  grown 

here  were th in  f la k e s .

In  Table 4-IV , th e  freq u en cies  and r e la t iv e  i n te n s i t i e s  o f th e  

bands shown in  F ig . 4-6 a re  g iv en . Assignments a re  a lso  included in  

th e  T able . Since the  s tru c tu re  o f  th e  c ry s ta ls  i s  no t p re c ise ly  known, 

th e  assignm ents a re  based on in te rp re ta t io n s  made p rev io u sly  fo r  o th e r 

c r y s ta l  forms ra th e r  than  on th e  p o la r iz a t io n  observed in  F ig . 4 -6 .
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TABLE 4-IV
INFRARED SPECTRUM OF THE A-FORM OF STEARIC ACID

Wave
Number

In te n s i ty P o la r iz a tio n In te rp re ta t io n

677 w OP, IP 0-C =  0 Angle Deformation

717 ' s OP R (CH2 Rocking)

729 w OP R

744 vw OP R

757 w OP R

778 vw OP R

809 vw OP R

881 vs OP 0-H Bending P erpendicu lar 
to  the  Carboxyl Plane

891 vw IP CHg Rocking P a r a l le l  to  
the  S k e le ta l Plane

911 vw IP

938 m IP 0-H Bending?

948 vw OP R

983 vw OP R

1016 vw OP R

1030 vw IP S (C-C S tre tch in g )

1047 vw IP S

1061 vw IP S

1071 vw IP S

1074 ww OP

1104 w IP S
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TABLE 4-IV (Continued)

Wave
Number

In te n s i ty P o la r iz a tio n I n te rp r e ta t io n

1108 m OP S

1186 w OP,IP W (CH, Wagging coupled 
w ith COH V ibra tions)

1205 « OP,IP W

1223 V OP, IP W

1243 w OP, IP W

1262
m

w

OP

IP
W

1279
m

w

OP

IP
W

1286 « IP W

1298 m OP,IP W

1310
m

w

OP

IP
W

1325
w

vw

OP

IP
W

1361 vw OP?

1369 w IP CH3 Symnetric Deformation

1404 s IP CH2 Deformation

1416 m OP, IP

1436

1445

m

m

OP " 

IP
' P rim arily  

C-OH S tre tch in g
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TABLE 4-IV (Concluded)

Have
Number

In te n s i ty P o la r iz a tio n In te rp re ta t io n

1450 m OP CHg Asymmetric 
Deformation

1468 8 IP CH2 Deformation

1684 VS
C = 0 S tre tch in g

1688 vs OP J
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N ev erth e less, s in ce  th e  chain packing i s  t r i c l i n i c ,  some fe a tu re s  o f 

th e  spectrum  can be re la te d  to  th e  c r y s ta l  s tru c tu ré e

The s tro n g  methylene rocking band a t  717 cm“^ and th e  methylene 

deform ation bands a t  I 468 cm~^ should be p o la rized  perp en d icu la r to  th e  

chain  axes. The change in  d ip o le  moment fo r  a rocking v ib ra tio n  should 

be perp en d icu la r to  the  chain  s k e le ta l  p lane and th a t  fo r  a  methylene 

deform ation v ib ra t io n  should be p a r a l l e l  to  i t .  I t  was th e re fo re  assumed 

th a t  th e  spectrum shown in  F ig . 4-6 was obtained  w ith th e  ra d ia tio n  

in c id e n t n ea rly  p a r a l l e l  to  th e  chain  ax es , th e  d o tted  curve w ith th e  

e l e c t r i c  v e c to r o f  th e  ra d ia tio n  p a r a l l e l  to  th e  s k e le ta l  p lan es , and 

th e  s o l id  curve w ith  th e  e le c t r i c  v e c to r  perpend icu lar to  th e  planes 

o f  th e  carbon sk e le to n s . Conclusions regard ing  th e  p o la r iz a t io n  o f  th e  

bands, in d ic a te d  by IP (in -p lan e ) o r OP (o u t-o f-p la n e ) in  Table 4-IV , 

were based on t h i s  assum ption.

The weaker bands observed in  th e  rocking s e r ie s  a l l  appear to  

be p o la riz ed  o u t-o f -p la n e . A ll th e  bands a sc rib ed  to  s k e le ta l  v ib ra 

tio n s  except th a t  near 1108 cm-1 appear to  be p o la rized  in -p la n e , as 

do th e  bands a t  I 4 O4 cm~^ and 1369 cm~^ a sc rib e d  to  methylene d e fo r

mation and symmetric methyl deform ation , re sp e c tiv e ly .

The band a t  881 cm“l  i s  p o la rized  o u t-o f-p la n e , c o n s is te n t 

w ith i t s  in te rp re ta t io n  as  0-H bending perp en d icu la r to  th e  carboxyl 

p lan e . I t  should be n o ticed  th a t  t h i s  band i s  ap p aren tly  s p l i t ,  w ith 

ano ther component ly in g  a t  938 cm“^ . T h is, and the  apparen t s p l i t t i n g  

o f  th e  0=0 s tre tc h in g  band, a t  I 684 and 1688 cm“l  in d ic a te s  th a t  

th e  c r y s ta l  may have the  form w ith no long spacing , s ince  no s p l i t t in g  

would be expected i f  th e re  were only one dimer per u n it  c e l l .
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The absorp tion  in  th e  reg ion  1410 - 14.60 cm-1 ig  r e la t iv e ly  

weak, as i t  i s  in  the  sp e c tra  o f  the  B- and C-forms obtained w ith th e  

e le c t r i c  v ec to r p erpend icu la r to  th e  chain  axes (see  F igs. 4-1 and 

4-4» a lso  th e  s o lid  curves in  Figso 4-2 and 4 -5 )« Most o f  the  absorp

t io n  in  t h i s  reg ion  may be a t t r ib u te d  to  C-OH s tre tc h in g . The fa c t  

th a t  th e re  a re  sev e ra l bands ra th e r  than  one ag a in  in d ic a te s  th a t  the  

c ry s ta l  has th e  form w ith no long spacing. The peak a t  1450 cm“l ,  l ik e  

th e  band o f  octadecane n ear th i s  frequency, may be in te rp re te d  as asym

m etric  methyl deform ation.

As in  th e  spectrum o f th e  C-form, a band appears a t  677 cm~^. 

Also th e  bands in  a re g u la r ly  spaced s e r ie s  between 1186 and 1360 cm~l 

have alm ost ex ac tly  th e  same freq u en cies  as th o se  o f  th e  corresponding 

s e r ie s  in  th e  C-form, The i r r e g u la r i ty  o f a band s e r ie s  o f  th e  B-form 

between 1170 and 1350 cm~l, and th e  f a c t  th a t  no band appears near 

689 cm~^ in  th e  B-form, have been a t t r ib u te d  to  th e  displacem ent o f  th e  

carboxyl group ou t o f th e  s k e le ta l  plane o f th e  ch a in . I f  t h i s  con

c lu sio n  i s  c o r re c t ,  th e  presence o f th e  re g u la r  s e r ie s  and the  band a t  

678 cm~^ in d ic a te  th a t  th e  carboxyl groups a re  no t d isp laced  in  th i s  

c ry s ta l  form. Since th e  band o f th e  C-form a t  689 cm~^ was assigned 

as  0=C-0H ang le  deform ation and th e  band s e r ie s  a sc rib ed  to  methylene 

wagging coupled w ith  a COH v ib ra tio n  p a r a l le l  to  th e  carboxyl p lane, 

one would expect th ese  bands to  be p o la rized  more n ea rly  p a r a l le l  to  

th e  s k e le ta l  plane than  perpend icu la r to  i t .  On th e  c o n tra ry , in  F ig , 

4 -6 , th ese  bands a re  more in te n se  in  th e  spectrum ob ta ined  w ith the  

r a d ia t io n  p o la rized  p erpend icu la r to  th e  s k e le ta l  p lan es .

I t  should be remembered, however, th a t  th e  d ip o le  moment changes
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a sso c ia te d  w ith th e  corresponding bands o f th e  C-form have strong  com

ponents p a r a l le l  to  th e  chain axes. Though th e  in te n s i t i e s  o f  th e  

perp en d icu la r 718 and 11*68 cm-1 bands in d ic a te  th a t  th e  ra d ia tio n  i s  

in c id e n t more n early  p a r a l le l  than  perpend icu la r to  th e  chain axes, 

a t i l t  in  th e  chains could g re a tly  in flu en ce  th e  d ire c t io n  in  which a 

p a r a l le l  band appears to  be po larized*  Thus, u n t i l  th e  s tru c tu re  o f  

th ese  c r y s ta ls  i s  b e t te r  known, th e  observed p o la r iz a t io n  o f th e  bands 

in  questio n  cannot be regarded a s  a se rio u s  o b je c tio n  to  th e  i n t e r 

p re ta tio n  g iven .

A New C ry sta l Form 

In th e  d iscu ssio n  o f th e  B-form o f s te a r ic  a c id , i t  was men

tioned  th a t  a  lozenge-shaped c r y s ta l  w ith an in te red g e  angle o f 74° 

does not n e c e ssa r ily  have th i s  form.

When an e th e r  so lu tio n  o f  s te a r ic  ac id  was evaporated a t  18° C, 

most o f th e  c ry s ta ls  in  th e  re s id u e  had th e  C-form, b u t some c ry s ta ls

w ith an in te red g e  angle o f  74° were a lso  p re se n t. These c ry s ta ls  were

assumed to  have th e  B-form, and a t  f i r s t  l i t t l e  a t te n t io n  was paid  to  

them, s in ce  good c ry s ta ls  o f  th e  B-form had a lread y  been grown from a 

so lu tio n  in  carbon d is u lf id e .

L a te r , a f t e r  c ry s ta ls  o f th e  C-form o f  d eu te ra ted  s te a r ic  ac id  

had been produced by evaporating  an e th y l e th e r  so lu tio n  a t  room tem per

a tu re  over a la y e r  o f  heavy w ater, some o f th e se  c ry s ta ls  were d isso lv ed  

again , and th e  so lven t was evaporated a t  9° C in  an attem pt to  grow 

c ry s ta ls  o f  d eu tera ted  s te a r ic  a c id  having th e  B-form. Some c ry s ta ls

w ith an in te red g e  angle o f  74° were produced. Though a  spectrum o f

th e  c ry s ta ls  showed some s im ila r i ty  to  th a t  o f  th e  B-form o f th e  o rd inary
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a c id , d iffe re n c e s  were observed which seemed to o  g re a t to  be accounted 

fo r  by th e  d e u te ra tio n .

A tten tion  %#as then  d ire c te d  to  th e  c r y s ta ls  o f  th e  o rd in a ry  

ac id  w ith  an in te red g e  angle  o f  74° which had been p re c ip ita te d  along 

w ith c ry s ta ls  o f the  C-form from th e  e th e r  so lu tio n o  The spectrum  o f 

one o f  th e se  c ry s ta ls  was o b ta in ed . I t  not on ly  i s  u n lik e  th e  spectrum 

o f  th e  B-form but i s  a lso  d if f e r e n t  from those  o f  th e  A- and C-forms,

I t  seems c e r ta in  th a t  t h i s  c ry s ta l  has a s t ru c tu re  d if f e r e n t  from th a t  

o f  any o f  th e  polymorphs o f  s te a r ic  ac id  s tu d ie d  in  preceding s e c tio n s . 

The l e t t e r s  A, B, and C have been a p p lied  to  forms o f  both th e  

even and odd-numbered normal f a t ty  a c id s . The l e t t e r  0 has been a s s o c i

a ted  w ith a form o f  th e  odd-numbered f a t ty  a c i d s , The new form w i l l  

th e re fo re  be designated  by th e  l e t t e r  E in  what fo llow s.

The spectrum o f a  c r y s ta l  o f s te a r ic  a c id  having th e  E-form i s  

shown in  F ig . 4 -7 . The spectrum  o f a c r y s ta l  o f  th e  d eu te ra ted  ac id  

having an in te redge  angle o f  74° i s  shown in  F ig , 4 -6 , The procedure 

fo r  o b ta in in g  th e se  sp e c tra  was the  same a s  th a t  fo r  th e  spectrum  o f 

th e  B-form shown in  F ig , 4 -4 « The c ry s ta l  was o rie n te d  so th a t  th e  

r a d ia t io n  was in c id en t normal to  i t s  su rfa ce . The s o lid  and broken 

curves were obtained w ith  th e  e le c t r i c  v e c to r  p a r a l le l  to  the  b is e c to r s  

o f  th e  acu te  and obtuse in te red g e  ang les, re s p e c tiv e ly . In  analogy to  

th e  n o ta tio n s  used fo r  th e  B- and C-forms, where the  b is e c to rs  o f th e  

ang les a re  p a r a l le l  to  th e  a -  and b-axes o f  th e  u n i t  c e l l s ,  th e se  a re  

c a lle d  the  a -  and b-axes in  th e  cap tions o f  F ig s , 4-7  and 4 -6 ,

In  Table 4-V a re  l i s t e d  th e  frequencies and r e la t iv e  in t e n s i t i e s  

o f  th e  bands shown in  F ig s . 4 -7  and 4 -8 , The l e t t e r s  a and b d is tin g u is h
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TABLE 4-V

INFRARED SPECTRA OF THE E-FORMS OF ORDINARY AND 
DEUTERATED STEARIC ACID

CH3(CH2)^gCOOH

Have In te n s i ty  & 
Number P o la r iz a tio n

CH3(CH2)jgCOOD

Have In te n s i ty  & 
Number P o la r iz a tio n

In te rp re ta t io n

686 656 m

670

720 8 b 719 s

729 S a 730 s .1
741 VW b 741 vw

744 vw a 744 vw •I
759 w b 759 w

761 w a 760 w . ]
782 vw b 782 vw b ■

784 vw a 784 w a _

809 w b 809 w b '

810 w a 810 w *-

840 vw b '
848 vw a

841 vw a

870 w a

875 w b'
877 vw b .

877 w a

888 w a

0-C = 0 Apgle 
Deformation

0-D Bending 

R (CHg Rocking)

R

R

R

R

COOH-COOD

R

CH3 Rocking?
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TABLE 4-V (Continued)

CH3(CH2)igOOOH

Wave In te n s i ty  & 
Number P o la r iz a tio n

CHaCCHj)igCOOD
Wave In te n s i ty  & 
Number P o la r iz a tio n

In te rp re ta t io n

890 vs 8

898 m b

917 m b

911 vw b

914 vw a

949 m b 949 vw b

951 w a 953 vw a

986 vw a 987 vw a

1015 vw b 1014 vw b

1019 vw a 1015 vw a

1033 vw a 1033 b

1039 vw b

1040 vw a

1043 w b

1053 m a

vw b
1071 vw b ,a 1074

vw a

1102 vw b vw b'
1102

1103 vw a vw «J

1120 vw b 1120 vw b

1123 vw a 1123 vw

J

OH Bending

R

R

R

R

S (C-C S tre tch in g )

0-D Bending
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TABLE 4-V (Continued)

CH3(CH2)i6000a

Wave In te n s i ty  & 
Number P o la r iz a tio n

CH3(CH2)j^gCOOD

Wave In te n s i ty  & 
Number P o la r iz a tio n

In te rp re ta t io n

1185 w b
1186

vw

1186 m a w

1202 w b
1204

vw

1203 m a w

1220 m a 1223 vw

1222 « b 1224 w

1240 m a
1243

w

1241 « b vw

1260 m a 1262 vw

1261 w b 1263 w

1279 m a
1282

vw

1281

1295

1297

w

m

m

b

a

b

w

b

b

a

b

a

a

b

b

b

W (CH. Wagging Coupled 
w ith a COH o r COD 
V ibration)

W, Superposed on a 
COE V ibra tion

w a
1302

vw b

w b 1317 w a
1312

w a 1318 vw b

1329 vw b 1333 vw a

1330 w a 1337 vw b

1
W
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TABLE 4-V (Concluded)

CH3(CH2)igCOOH
Wave Intensity & 
Nxniber Polarisation

083(082)
Wave
Number

leCGOD
Intensity & 
Polarization

Interpretation

1345 w w a 1348 w w a'l W
1346 w w b 1350 w w b!
1369 w b 1I C83 Symmetric
1373 vw a J Deformation
1370 w C-0 Stretching
1406 m b 1402 s a'

CH2 Deformation
1409 m a 1405 s b

1423 w b,a OOGH-COOD
1435 w b

COH Vibration
1437 w a
1462 s b 1462 s bl

CH2 Deformation
1471 8 a 1472 s aj
1686 VS a 1684 vs al

y C = 0 Stretching
1705 vs b 1696 vs bj
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between bands in  the  so lid  and broken curves, re sp e c tiv e ly « Assign

ments, e s s e n t ia l ly  s im ila r  to  those in  previous s e c tio n s , a re  a lso  

included in  Table 4-V»

In  F ig . 4-8 , the  e f f e c t s  o f  th e  d e u te ra tio n  a re  m anifest in  

th e  presence o f  carboxyl bands near 1370 and 1050 cm“l ,  and in  th e  

absence o f s tro n g  carboxyl bands from the  v ic in i ty  o f  I 3OO and 900 c m 'l . 

The d e u te ra tio n  may not be as  complete as in  th e  C-form, however. Bands 

which a re  probably caused by carboxyl v ib ra tio n s  in  COOH -  COOD dimers 

a re  seen a t  870 and 1423 cm“^ .

The rem ainder o f th e  spectrum o f th e  d eu te ra ted  ac id  resembles 

th a t  o f  th e  o rd in a ry  ac id  shown in  F ig . 4 -7 . Because o f  th i s  s im i la r i ty ,  

i t  was concluded th a t  th e  c ry s ta ls  o f  th e  d eu te ra ted  ac id  a lso  had th e  

E-form. This was v e r if ie d  by examining th e  spectrum o f  a c ry s ta l  o f  

th e  d eu tera ted  ac id  a y ear a f t e r  i t  was grown, when about h a lf  th e  

deuterium  had been replaced by hydrogen.

In  Chapter I I ,  th e  r e la t io n s h ip  between th e  in te red g e  angles 

and th e  s tru c tu re  o f lozenge-shaped c ry s ta ls  was d iscu ssed . Of th e  

c ry s ta ls  o f  th e  n -p a ra ff in s  and normal f a t ty  ac id s  whose s tru c tu re  have 

been determ ined, a l l  which have th e  lozenge shape have orthorhombic 

packing o f  th e  ch a in s . To the  e x ten t th a t  th e  dimensions o f th e  o rth o 

rhombic su b ce ll a re  th e  same fo r  th e se  c ry s ta ls ,  th e  in te red g e  ang les 

in d ic a te  the  o r ie n ta tio n  o f th e  methylene chains r e la t iv e  to  th e  su r

faces  o f  th e  c ry s ta ls .

C ry s ta ls  o f  th e  B-form o f s te a r ic  a c id  and th e  m onoclinic form 

o f n-Cg^Hy^ u su a lly  a re  lozenge-shaped w ith an in te redge  angle o f  74°« 

Both have orthorhombic packing o f th e  ch a in s . The a -  and b-dim ensions
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o f th e  u n i t  c e l l  a re  very n e a rly  th e  same in  bo th , and th e  o r ie n ta tio n  

o f  th e se  axes w ith  re sp e c t to  th e  c ry s ta l  su rface s  i s  a lso  th e  samso 

The d ire c t io n s  o f th e  chain  axes d i f f e r  in  th e  two cases only  by about 

3 ° .

I f  the  s u p e r f ic ia l  resemblance o f  th e  E- and B-forms in d ic a te s  

a s im ila r  arrangement o f  th e  ch a in s , th e  two forms must d i f f e r  only in  

th e  shape o r arrangement o f  th e  end-groupso This conclusion  appears 

to  be borne ou t by th e  sp e c tra  o f  the  E-form c ry s ta ls o

The s p l i t t i n g  and p o la r iz a t io n  o f th e  s tro n g  doublets near 

720 and I 465 cm“^ , a sc rib ed  to  methylene rocking and methylene d e fo r

m ation, re s p e c tiv e ly , show th a t  th e  chains have th e  orthorhombic pack

ing in  th e  E-form . I f  th e  p o la r iz a t io n  o f th ese  bands has i t s  u sual 

s ig n if ic a n c e , th e  a^ a x is  o f  th e  orthorhombic s u b c e ll  i s  p a r a l le l  to  

a  plane normal to  th e  c r y s ta l  su rface  and b is e c tin g  th e  acute ang le , 

and th e  bo a x is  i s  p a r a l le l  to  a  plane perp en d icu la r to  th e  former and

b is e c tin g  th e  obtuse an g le . The chain  axes a re  th en  normal to  the

su rface  o r  a re  t i l t e d  in  one o f  th ese  ( la n e s .

Two bands a t  1369 and 1373 cm“^ are  s im ila r  to  th e  bands a t  

1368 and 1373 cm“^ a sc rib ed  to  symmetric methyl deform ation in  th e  B- 

form. The s p l i t t i n g  shows th a t  methyl groups in  neighboring chains 

a re  a d jac e n t, r a th e r  than  sep a ra ted  by a chain  le n g th  as  in  one o f

th e  t r i c l i n i c  form s. The p o la r iz a t io n  and in te n s i ty  o f  th ese  two bands

in d ic a te  th a t  th e  r e la t iv e  o r ie n ta t io n  o f th e  m ethyl groups i s  s im ila r  

in  th e  E - and B-forms.

The C=0 s tre tc h in g  doub le t near 1700 cm~^ and th e  broad 0-H 

s tr e tc h in g  doublet near 900 cm“l  resemble th e  bands near th e se  frequencies
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in  th e  B-form. The s p l i t t i n g  in d ic a te s  th a t  th e  carboxyl groups in  

neighboring  dimers a re  a d ja c e n t, which im p lies  th a t  the  chain  t i l t  i s  

sm all, as  in  the  B-form.

The remaining p o rtio n s  o f the  spectrum  o f  th e  E-form a re  very 

d i f f e r e n t  from th e  corresponding reg ions o f  th e  spectrum o f  th e  B -fo ra . 

The band a t  686 cm~^ has no obvious co u n te rp art in  th e  B-form. The 

CH2 rocking  bands above 730 cm“^ are  le s s  in te n s e , and l i e  a t  s l ig h t ly  

lower freq u en cies  than in  th e  B-form. The s e r ie s  o f  re g u la r ly  spaced 

hands between I I 85 and 1350 cm~^ i s  u n lik e  th e  i r r e g u la r  group o f bands 

in  t h i s  reg io n  in  the  B-form.

The band a t  686 cm“^ , th e  CH2 rocking d o u b le ts , and th e  band 

s e r ie s  between 118$ and 1350 cm“^ a l l  have freq uencies very  near those  

o f  s im ila r  bands in  th e  C-form.

The d iffe ren c es  between the  B- and C-forms in  th ese  s p e c tra l  

reg ions were a t t r ib u te d  to  a d iffe re n c e  in  th e  o r ie n ta t io n  o f th e  c a r 

boxyl groups w ith re sp ec t to  th e  methylene ch ain . The s im ila r i ty  o f  

th e se  bands in  th e  E- and C-forms th e re fo re  in d ic a te s  th a t  th e  m olecular 

c o n fig u ra tio n  in  the  E-form i s  l ik e  th a t  in  th e  C-form.

I f  t h i s  i s  accep ted , th e  re la t io n s h ip  between th e  sp e c tra  and 

th e  s tru c tu re s  o f th e  E -, C-, and B-forms i s  c le a r .  Except fo r  th e  

s p l i t t i n g  o f the  bands near 900 and 1700 cm“^ , caused by th e  proxim ity 

o f th e  carboxyl groups, th e  spectrum o f  th e  E-form i s  about th a t  which 

would be expected i f  th e  dimers o f s te a r ic  a c id  have the m olecular con

f ig u ra t io n  c h a r a c te r is t ic  o f th e  C-form, b u t have th e  chains arranged 

as in  th e  B-form.

In  the  reg ion  between 65O and 700 cm“^ , th e  r e la t io n s h ip  between
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th e  th ree  c ry s ta l  forms i s  p a r t ic u la r ly  w e ll dem onstrated. The band 

a t  689 cm~  ̂ in  th e  C-form, asc rib ed  to  deform ation o f the  0=C-0H 

an g le , i s  shown in  P ig . 4-2  to  be p o la rized  approxim ately p a r a l le l  to  

th e  chain axes. I t  appears p o la rized  in  th e  a -d ire c t io n  in  F ig . 4 -1 , 

obtained  w ith th e  ra d ia tio n  in c id e n t normal to  th e  ab -p lan e , because 

o f  th e  t i l t  o f  th e  chains toward th e  a -a x is .  The fa c t  th a t  no band i s  

observed near t h i s  frequency in  th e  B-form i s  a t t r ib u te d  to  th e  d i s 

placement o f  th e  carboxyl carbon from th e  s k e le ta l  ^ a n e .

The presence o f a  band a t  686 cm“^ in  th e  E-form, a t  almost 

p re c ise ly  th e  same frequency a s  th e  band o f th e  C-fonn, in d ic a te s  th a t  

th e  o r ie n ta t io n  o f  th e  carboxyl group w ith re sp e c t to  the  methylene 

chain i s  s im ila r  in  th e  two form s. In  F ig . 4 -6 , th e  band a t  686 cm“^ 

appears in  the  reco rd  ob ta ined  w ith  th e  e l e c t r i c  v e c to r o f  th e  r a d i

a t io n  p a r a l le l  to  th e  b is e c to r  o f th e  obtuse in te red g e  an g le . I f  th e  

v ib ra tio n  i s  p o la riz ed  p a r a l le l  to  th e  chain  axes as  in  th e  C-form, i t s  

appearance in  t h i s  reco rd  in d ic a te s  th a t  th e  chains a re  t i l t e d  in  th e  

plane b is e c tin g  th e  obtuse ang le , as they  a re  in  th e  B-form,

The band a t  686 cm~^ i s  le s s  in te n se  r e la t iv e  to  th e  nearly  

rocking  v ib ra tio n s  than th e  band a t  689 cm~l in  th e  C-form. This in d i 

c a te s  th a t  th e  t i l t  ang le  i s  sm aller in  th e  E-form, c o n s is te n t w ith 

th e  assumption th a t  th e  chains a re  arranged as in  th e  B-form, where th e  

t i l t  angle  i s  only 24° as  compared to  38° in  th e  C-form.

The p o la r iz a t io n s  o f  th e  rocking d o u b le ts  above 730 cm~^ in  

th e  E-form a re  s im ila r  to  those  observed fo r  m onoclinic n-C^^Hy/^.

The re la t io n s h ip  o f  th e  p o la r iz a t io n  and s p l i t t in g  o f  th ese  double ts  

to  th e  c r y s ta l  s t ru c tu re ,  d iscussed  in  Appendix I I I ,  provides fu r th e r
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support fo r  th e  conclusion th a t  th e  chains are  arranged as in  the  

monoclinic n -p a ra f f in s  and in  th e  B-fonno

Though th e  reason fo r  th e  in te n s i ty  d iffe ren ce  in  th e  two com

ponents o f  the  doub le t near IO5O cm"^, assigned as 0-D bending, i s  not 

known, th e  f a c t  th a t  th e  s tro n g e r band i s  p o la rized  o p p o site ly  in  th e  

1 and C -foras in d ic a te s  a  d iffe ren ce  in  th e  r e la t iv e  o r ie n ta t io n  o f 

th e  carboxyl groups in  th e  two caseso I t  can be seen th a t  in  th e  E-form

o f th e  d eu te ra ted  a c id , as  in  th e  C-form, th e  p o la r iz a tio n  o f  th e

s tro n g e r bands in  th e  s e r ie s  between U 85 and 1350 cm”^ i s  l ik e  th a t

o f  th e  s tro n g e r components o f th e  0-D bending doub le t, which in  t h i s  case

a lso  in d ic a te s  th a t  th e  v ib ra tio n s  which produce th e  s e r ie s  may be 

coupled w ith 0-D bending p a r a l le l  to  th e  carboxyl p lane .

The fe a tu re s  o f  the  s tru c tu re  o f th e  E-form o f s te a r ic  a c id  

which have been in fe r re d  from th e  spectrum  and shape o f th e  c ry s ta ls  

may be summarized as fo llow s:

(1 ) The m olecules a re  dim eric and th e  m olecular co n fig u ra tio n  i s  

l ik e  th a t  in  th e  C-form.

(2 ) The dim ers a re  arranged in  p lan ar la y e rs  p a r a l le l  to  th e  su rface  of 

th e  lozenge-shaped c r y s ta l .

(3 ) The methylene chains have the  orthorhom bic packing, and th e i r  

o r ie n ta tio n  i s  l i k e  th a t  in  the  B-form and in  m onoclinic n-C^^Hy^.

F u rth e r, i t  seems probable th a t  th e  dim ers a re  centrosym m etric, s ince  

th e re  i s  no evidence o f an in c rease  in  th e  number o f  in f ra re d  bands 

over th a t  observed in  th e  C-form. There a re  a t  l e a s t  two dimers per 

u n i t  c e l l ,  and i f  th e  doublet s p l i t t in g  o f  both carboxyl and chain  bands 

in d ic a te s  two in f ra re d -a c tiv e  sp ec ie s , i t  i s  l ik e ly  th a t  th e  u n it  c e l l
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group ia  isomorphic to  th e  p o in t group C2h" One would then  expect a 

screw ro ta t io n  a x is  p a r a l le l  to  th e  a© a x is  o f th e  orthorhom bic sub

c e l l  and a g lid e  r e f le c t io n  normal to  t h i s  a x is ,  as  in  th e  B-form and 

in  th e  m onoclinic n -p a ra f f in s .

A fte r i t  was recognized  th a t  c ry s ta ls  having an in te red g e  

angle o f  74° might have more than  one c r y s ta l  form, th e  c ry s ta ls  o f 

th e  o rd in a ry  a c id s  grown p rev io u sly  were reexaminedo I t  was found th a t  

a few c r y s ta ls  having th e  E-form were u su a lly  p resen t when B-form 

c ry s ta ls  were grown. The two forms were so n early  id e n t ic a l  th a t  thqy 

had to  be d is tin g u ish ed  by t h e i r  s p e c tra . The spectrum  o f  a c ry s ta l  

o f  p a lm itic  ac id  having th e  E-form i s  shown in  F ig . A 1-4 o f  Appendix I .

When a so lu tio n  o f  s te a r ic  a c id  in  e th y l e th e r  was evaporated 

a t  0° C, a l l  c ry s ta ls  grown ap p aren tly  had th e  E-form, though no t a l l  

had th e  lozenge shape. Many took  th e  form o f long , th in  r ib b o n s . At

tem pts to  produce the  B-form o f  docosanoic a c id , CH^(CH^)2QC00H, by 

evaporation  o f a carbon d is u lf id e  so lu tio n  a t  25° C y ie ld ed  on ly  c ry s

t a l s  o f  th e  E-form.

Since th e  E-form i s  e a s i ly  grown, i t  seems c e r ta in  th a t  i t  has 

been observed b e fo re . The f a c t  th a t  only two common m onoclinic forms 

have been recognized i s  understandab le . The sp e c tra  o f  p o ly c ry s ta l l in e  

samples o f  th e  C- and E-forms a re  not very d i f f e r e n t .  The B- and E- 

forms a re  id e n t ic a l  in  appearance, and i t  i s  probable th a t  th e  a -  and b - 

axes o f  t h e i r  u n i t  c e l l s  a re  n ea rly  eq u al. I t  may a lso  be th a t  th e  X-ray 

long spacings o f  th e se  two forms a re  so n early  equal th a t  th ey  a re  d i f f i 

c u l t  to  d is t in g u is h .

After the section of this chapter dealing with the C-forms of
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o r d in a ry  and d eu te ra ted  s te a r ic  a c id  had been completed, i t  was found 

th a t  s im ila r  work on th e  C -fom  o f th e  o rd in ary  ac id  had been done by 

H. Susi.69

S te a r ic  a c id  c r y s ta l l i z e s  in  th e  C-form from a m elt. By coo l

ing a m elt between two s a l t  p la te s ,  Susi obtained  an o rie n te d  f ilm .

He in fe r re d  th e  d ire c t io n s  o f  th e  c ry s ta llo g ra p h ic  axes from th e  ab

so rp tio n  observed w ith  p o la rized  ra d ia t io n .

S u si ob ta ined  a spectrum w ith th e  ra d ia tio n  in c id e n t nonnal to  

th e  ab -p lane  and w ith  th e  e l e c t r i c  v e c to r  f i r s t  p a r a l le l  to  th e  a -a x is ,

then  p a r a l l e l  to  th e  b -a x is .  This spectrum  i s  s im ila r  to  th a t  o f
39eicosano ic  a c id  published  by Jones e t  a l . ,  and to  th e  sp e c tra  o f 

s te a r ic  and p a lm itic  a c id s  shown in  F ig s . 4-1  and A 1-1 o f th e  p resen t 

work. Susi a lso  observed the  ab so rp tio n  w ith  ra d ia tio n  p o la r iz e d  p a ra l

l e l  to  th e  a c -p la n e , and in c id e n t a t  ang les o f  -  45° to  a su rface  p a ra l

l e l  to  th e  a b -p la n e . The spectrum  ob ta ined  in  th i s  manner i s  analogous

to  th a t  shown in  F ig . 4 -2 .

Susi*s experim ental r e s u l t s  and assignm ents a re  e s s e n t ia l ly  in  

agreement w ith  th o se  p resen ted  h e re . He was not ab le  to  re so lv e  th e  

weaker CH2 rock ing  doublets nor th e  CĤ  deform ation doublet a t  1371 

and 1379 cm”^ . He observed a l l  members o f  th e  1187 -  1357 cm“^ s e r ie s  

which were observed h ere , but concluded th a t  th e  p o la r iz a t io n  o f  th e  

bands v a ried  over th e  s e r ie s ,  co n tra ry  to  r e s u l ts  obtained  in  th e  p resen t 

work.

The o r ie n te d  f ilm  technique has th e  advantage th a t  th e  sanqxLes

69h.  S u si, J .  Am, Chem. Soc. 81, 1535 (1959).
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apparently are so large that it is not necessary to use the reflecting 
microscope. It has the disadvantage, however, that only the poly
morph which crystallises from the melt may be studied.



APPENDIX I

THE INPRAEED SPECTRA OF POUR 

POLYMORPHS OF PALMITIC ACID.
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Radiation Incident Normal to the ab-Plana



APPENDIX II

THE C-H STRETCHING VIBRATIONS 

In  th e  in f ra re d  sp ec tra  o f  l iq u id  n -p a ra f f in s , fou r bands be

tween 2800 and 3000 cm“^ have been a t t r ib u te d  to  v ib ra tio n s  involv ing  

s tre tc h in g  o f th e  C-H bonds. The symmetric and asymmetric s tre tc h in g  

v ib ra t io n s  o f th e  CĤ  groups have been a sso c ia te d  w ith  bands a t  2872

and 2962 cm"l, r e s p e c tiv e ly . Bands a t  2853 and 2926 cm"! have been
39assigned  as symmetric and asymmetric s tre tc h in g  o f th e  CH2 groups."^

The corresponding bands o f th e  c r y s ta l l in e  n -p a ra f f in s  a re  very near 

th e  same freq u en c ie s .

In  th e  r e s t  o f  th i s  work, l i t t l e  a t te n t io n  was given th e  C-H 

s tre tc h in g  v ib ra t io n s ,  s ince  t h e i r  assignm ents fo r  th e  n -p a ra ff in s  and 

r e la te d  compounds a re  f a i r l y  w e ll e s ta b lis h e d . The sp ec tra  in  th e  

reg io n  2800 to  3OOO cm“l  o f  two c r y s ta ls  having th e  t r i c l i n i c  chain  

packing w il l  be p resen ted  in  t h i s  appendix, however. Thsy provide 

some support f o r  th e  assum ptions reg ard in g  th e  p o la r iz a t io n  o f low er- 

frequency bands appearing  in  th e  two curves o f  F ig s . 3-5 and 4 -7 .

A lso, th ey  g ive some a d d itio n a l in fo rm ation  about th e  bands between 

2800 and 3000 cm"^.

The t r i c l i n i c  c ry s ta l  form o f  th e  even-numbered n -p a ra ff in s  

has one molecule per u n i t  c e l l .  As d iscussed  in  Chapter I I I ,  th e  in f r a 

re d -a c tiv e  v ib ra tio n s  should produce bands p o la riz ed  e i th e r  p a r a l le l  

o r  p e rp en d icu la r to  th e  s k e le ta l  p la n e . The symmetric s tre tc h in g  o f
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th e  CHg and CĤ  groups, and one asymmetric s tre tc h in g  v ib ra tio n  o f th e  

CH-j groupe should be p a r a l le l  to  t h i s  p lan e . The asymmetric s t r e tc h 

ing o f  th e  CH2 groups and one asymmetric CĤ  s tre tc h in g  v ib ra tio n  should 

be p e rp en d icu la r to  th e  p lane.

The s tro n g e r bands in  th e  spectrum  o f a  t r i c l i n i c  c iy s t a l  o f 

n-CgpHj^o a re  shown in  F ig . A 2 . The spectrum was ob ta ined  in  the  same 

manner as  th a t  o f  n-C%gH^g shown in  F ig . 3 -5 . I f  i t  i s  assumed th a t  

th e  s o lid  and broken curves d is t in g u is h  between bands a sso c ia te d  w ith 

changes in  d ip o le  moment p a r a l le l  and perpend icu lar to  th e  s k e le ta l  

p lan es , th e  p o la r iz a t io n  o f  th e  bands in  F ig . A 2 a re  c o n s is te n t w ith 

most p rev ious in te r p r e ta t io n s . The s tro n g  band a t  2851 cm~^ i s  caused 

by symmetric CH2 s t re tc h in g , th e  weaker band a t  2872 cm“^ re p re se n ts  

symmetric CĤ  s tre tc h in g , and th e  two bands a t  2953 and 2962 cm“^ may 

be assigned  as asymmetric s tre tc h in g  o f  th e  CĤ  groups p erpend icu lar 

and p a r a l le l  to  th e  s k e le ta l  p lane , re sp e c tiv e ly .

In th e  sp e c tra  o f  th in n e r  c r y s ta l s ,  ob tained  a f t e r  F ig . A 2 

was p repared , th re e  bands a re  seen near 2900 cm~^. A band a t  2916 cm“^ , 

which i s  p o la r iz e d  perp en d icu la r to  th e  s k e le ta l  p lane , may be assigned  

as  asymmetric methylene s t r e tc h in g . What appears as a  s in g le  broad 

band in  th e  s o l id  curve shown in  F ig . A 2 i s  reso lved  in to  two bands, 

a t  2898 and 2922 cm~^, both p o la riz ed  p a r a l le l  to  th e  s k e le ta l  p lan e .

These bands may be in te rp re te d  a s  combination bands a s  fo llo w s. Hizushima 

and Shlméinouchi27 have rep o rted  Raman bands a t  1442 and 1471 cm~^ in  so lid  

" '^ 16^34 '  th e se  bands re p re se n t v ib ra tio n s  o f  th e  t o t a l l y  i^mmetric 

sp ec ies  a^ o f  th e  group C2h o f  th e  s in g le  m olecule, th e  corresponding 

v ib ra tio n s  in  n-C2oHji^, which may be expected to  have very  n e a r ly  the
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same freq u en c ie s , may combine w ith  the  strong in f ra re d -a c tiv e  funda

m ental a t  1470 cm 'l to  produce th e  two bands a t  2898 and 2922 cm“^ .

The fa c t  th a t  a band p o la rized  p a r a l le l  to  th e  s k e le ta l  plane 

appears a t  2898 cm~  ̂ in  th e  spectrum  o f th e  t r i c l i n i c  c r y s ta ls ,  where 

no in te rm o lecu la r doublet s p l i t t i n g  occurs, c a s ts  some doubt on th e  

assignment o f  a  band near t h i s  p o s itio n  o f po lyethy lene and m onoclinic 

n-C^^Hy^ the b -p o la rized  component o f th e  CHg asynm etric s t r e tc h 

ing d o u b le t. I t  i s  more l ik e ly  th a t  both components o f  th i s  doublet 

in  th e  sp e c tra  o f c ry s ta ls  having th e  orthorhombic chain  packing l i e  

very c lo se  to  2920 cm"^.

In  F ig . A 2 , th e  spectrum  o f  conqpared w ith  th a t

o f  a c r y s ta l  o f  p a lm itic  a c id  l ik e  th e  one whose spectrum  i s  shown in  

P ig . A 1 -3 , and l ik e  the s te a r ic  a c id  c ry s ta l  whose spectrum  i s  shown 

in  F ig . 4 -6 . The C-H s tre tc h in g  bands in  the  a c id  a re  superposed on

a very broad abso rp tion  band which has been a t t r ib u te d  p rim arily  to
57s tre tc h in g  o f th e  carboxyl 0-H bond. The l a t t e r  i s  shown in  F ig . A 2 

by th e  low ering o f  th e  base l in e  o f  th e  so lid  curve. Except fo r  th i s  

d if fe re n c e  and o th e r  d iffe ren c es  caused by th e  carboxyl groups, the  

p a t te rn  o f  ab so rp tio n  i s  s im ila r  to  th a t  o f the  t r i c l i n i c  n -p a ra ff in , 

in d ic a tin g  th a t  th e  c ry s ta l  o f  p a lm itic  acid  has th e  t r i c l i n i c  A-fonn.



APPENDIX III

THE SHITTING AND POLARIZATION OF 

THE METHYLENE ROCKING DOUBLETS 

S n y d e r^ » ^  has shown th a t ,  when doublet s p l i t t i n g  i s  d is 

regarded , th e  frequency d is t r ib u t io n  in  th e  s e r ie s  o f  in f ra re d -a c tiv e  

m ethylene rocking  v ib ra tio n s  o f  th e  c r y s ta l l in e  normal p a ra ff in s  w ith  

ch ain s  twenty to  t h i r t y  carbons long may be approxim ately described  by 

th e  equation

(1) = ®o + 2aicos 0k,m + Zsgcos 2 0k,m'

where m i s  th e  nuadl>er o f  CH2 groups,

J^k,m " ^ ÎT" (k = 1 , 3 , 5, • • • ,  ^  m), and a^ , a^ , and a^ a re
m + 1

c o n s ta n ts . The low frequency l im i t  o f th e  s e r ie s  a t  720 cm"! was a s s o c i

a ted  w ith w-,^» The rem aining members o f  th e  s e r ie s  were a sso c ia ted  w ith

p ro g ress iv e ly  h igher va lues o f  k in  o rd e r o f  in c re a s in g  frequency, 

allow ing  fo r  th e  bands masked by th e  in te n se  band o r doublet a t  th e  

low frequency l im i t .

Snyder a lso  has rep o rted  th a t  th e  s p l i t t i n g  o f  th e  rocking 

d o u b le ts  observed in  sp e c tra  o f  odd-numbered n -p a ra f f in s  a t  -160° C 

can be rep resen ted  by an equation

(2) = a  + 2b cos 0 k -2 ,n '
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0n,k  '  (k = 1, 3 , 5, < n -2 ) ,
n—1

and n ia  th e  nunter o f  carbon atom s*^

E quation ( l )  haa a  form ty p ic a l  o f the  ao lu tio n  o f th e  problem o f  

a l in e a r  ch a in  o f  m id e n tic a l  coupled aimi^e harmonic o a c i l la to r a .^ ^ * ^ ® '^  

O iacre te  valuea o f  the  argument 0  a re  obtained by impoaing th e  proper 

boundary co n d itio n a .

Equationa fo r  from which Ù (w^) may be derived  can be ob

ta in e d  by conaidering  two auch chain  a a ide-by-a ide  and inc lud ing  in  

th e  p o te n t ia l  function  q u ad ra tic  teim a fo r  th e  in te ra c t io n  between an 

o a c i l l a to r  in  one chain and i t a  n ea rea t and n ex t-n ea rea t neighboring 

o a c i l la to r a  in  th e  ad jacen t ch a in .

In t h i a  Appendix, i t  w i l l  be demonatrated th a t  r e a u l ta  obtained  

w ith  auch a model, au ita b ly  m odified  fo r  the  varioua  c iy a ta l  forma, 

ag ree  a t  le a a t  q u a l i ta t iv e ly  w ith  th e  s p l i t t i n g  and p o la r is a t io n  o f 

th e  rock ing  doubleta  observed in  th e  p resen t work fo r  c r y s ta ls  having 

th e  orthorhom bic chain packing. The p o la r iz a t io n  o f th e  rock ing  doublets 

in  th e  odd-numbered n -p a ra ff in a  i a  a lso  p re d ic ted .

In  t h i s  simple tre a tm e n t, se v e ra l assumptions a re  im p l ic i t .  I t

i s  assumed th a t  methylene rocking co o rd in a tes  a re  defined  f o r  Wiich th e

k in e t ic  energy m atrix  i s  d iagonal (perhaps o f  th e  ty p e  d efin ed  by Oeeds^^).

I t  w i l l  be assumed th a t  th e re  a re  no term s in  th e  p o te n t ia l  fu n c tio n

re p re se n tin g  in te ra c t io n s  between th e se  coo rd ina tes  and th o se  o f  o th e r 

ty p e s . The in te ra c t io n  between CH2 groups in  th e  rocking v ib ra tio n s  

i s  assumed to  be lim ite d  to  n e a re s t and n e x t-n e a res t neighbors in  the 

same and a d jacen t ch a in s , and end-group e f f e c ts  a re  n eg lec ted  in  the  

c a lc u la t io n s .  I t  i s  assumed th a t  th e  orthorhombic chain  packing i s
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th e  same fo r  th e  c iy s ta le  s tu d ie d . Also, though th e re  a re  fou r mole

cu les  per u n i t  c e l l  in  some o f  th e  c r y s ta ls ,  only two ad jacen t chains 

w i l l  be co n sid ered .

F in a l ly ,  in  comparing th e  s p e c tra l  da ta  w ith  th e  r e s u l t s  o f

th e  c a lc u la t io n , 0 w i l l  be assumed to  tak e  on th e  va lues given in  ( l ) ,

and th e  va lu es  o f  k a sso c ia ted  w ith  p a r t ic u la r  dou b le ts  w i l l  be those

which a re  most n e a rly  c o n s is te n t w ith  th e  r e s u l ts  o f  S n y d e r^  and w ith
13th e  band sequences observed by Brown, Sheppard, and Simpson.

Orthorhombic n -P ara ffin s  

The c o n tr ib u tio n  o f  th e  rock ing  v ib ra tio n s  to  th e  k in e tic  

energy o f  th e  two chains may be w r it te n  

2 T = ^  .  +  y „ ^ ),

idiere th e  co o rd in a tes  belong to  one, yn to  th e  o th e r o f  two chains

Wiich pass through th e  orthorhom bic su b c e ll, and where n ranges from 

1 to  m ( th e  number o f methylene groups in  a  s in g le  c h a in ) .

A symmetric form o f  th e  corresponding p o te n t ia l  fu n c tio n  fo r  

th e  orthorhom bic n -p a ra f f in s  i s

(3) 2 V = £  k ^  f  k»(x„ -  ^ k"(x„ -  % +2)^

+ k y„2 + k ’ Cy  ̂ -  yo+ i)^  + k"(yn -  yn+gp^

+ 2e(xn  -  y „ )^  + 2e*(xn  -  y n + i)^  + 2e*(yn -

Wiere k i s  th e  fo rce  co n stan t fo r  th e  d isplacem ent o f a  m ethylene group 

from i t s  eq u ilib riu m  p o s it io n , and k* and k" a re  c o e f f ic ie n ts  o f  term s 

re p re se n tin g  th e  in te ra c t io n  between n e a re s t and n e x t-n e a re s t neighbors, 

re s p e c tiv e ly , in  th e  same ch a in . The co n stan ts  e and e* a re  th e
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c o e f f ic ie n ts  o f  th e  in te ra c t io n  term s between n e a re s t and n e x t-n e a re s t 

neighbors in  ad jacen t ch a in s .

The c la s s ic a l  equations o f  motion th en  have the  form 

a *4 f  (k f  2k* ♦ 2k" I- 2e f  4e*) x^ -  k*(x^^i + % n-l)

-  ^ - 2 ^  -  2V n  ‘  2e*(y„^i f  J n - i )  = 0

a 4  + (k + 2k* 4 2k" + 2e f  + 7 n - l)

-  k"(7nf.2 ^ yn-2^ " "  2e*(%nfl *■ % - l )  “ °»

I f  one assumes th a t

Xji = Xo e^("^  “  and = yo then

( -  a  w2 f  k 4 2k* 4 2k" f  2e f  4«* -  2k* cos 0 -  2k" cos 2 0 ) x^

-  (2e 4 4e* cos 0)yn ~ 0 , and

( -  a  w2 ^ k 4 2k* 4 2k" 4 2e f  4e* -  2k* cos 0 -  2k" cos 2 0 )y^

-  (2e 4 4e* cos 0)x^ = 0 .

The van ish in g  o f  th e  s e c u la r  determ inant re q u ire s  th a t

(4) w2 = 1 (k t  2k* 4 2k" 4 2e 4 4e* -  2k* cos 0 -  2k" cos 2 0 ) 
a

-  5  (2e 4 4o* cos 0 ) .

The f i r s t  term  corresponds to  th e  r ig h t  s id e  o f  equation  ( l ) .  The 

second term  accounts fo r  th e  doublet s p l i t t i n g  and i s  s im ila r  to  th e  

rig h t-h an d  s id e  o f  equation  (2 ) . The tran sfo rm a tio n  ^  ^ = %  4 yn»

^  n = aqi -  yn fa c to rs  th e  sec u la r  d e te rm in an t. Frequencies corresponding
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to  ^  a re  g iven by th e  upper s ign  and th o se  corresponding to  ^  by 

th e  low er sign  in  (4)* S o lu tions belonging to  one o f  th e  two branches 

correspond to  v ib ra t io n s  p o la r is e d  p a r a l le l  to  th e  a -a x is  o f  th e  u n it  

c e l l ,  and th o se  belonging to  th e  o th e r  a re  p o la rized  p a r a l le l  to  th e  

b -a x is .

M onoclinic n -P a ra ff in s  

In th e  m onoclinic n -p a ra f f in s  and in  th e  B-form (and presumably 

th e  E-form) o f  th e  n - f a t ty  a c id s , corresponding m ethylene groups in  th e  

two ad jacen t chains in  th e  u n i t  c e l l  a re  no t n e a re s t  bu t n e x t-n e a re s t 

ne ighbors. Assuming th a t  th e  packing o f  th e  chain s i s  id e n t ic a l  to  

th a t  in  the  orthorhom bic n -p a ra f f in s , th e  same c o e f f ic ie n ts  fo r  th e  

in te ra c t io n  term s may be u sed , and the  p o te n t ia l  fu n c tio n  has th e  same 

form a s  (3 ) , except th a t  th e  l a s t  th re e  term s o f  (3 ) a re  rep laced  by 

2«* (%n -  7n)^  + « (*n ~ 7 n tl^ ^  ^ « (Zn -  ^tn+l)^

+ « * ( * „ -  yn+g)^ (7n "

I f  Ç and ^  a re  d efined  as  b e fo re , th e  so lu tio n s  again  sep a ra te  in to  

p e rp en d icu la rly  p o la rized  branches which s a t i s f y  th e  equations

5  (k + 2k* t  2k" + 2e + 4e* -  2k’ cos 0  -  2k" cos 2 0 )

(5 ) I =

w^J t 5  (2 e ’ f 2e cos 0 f 2e* cos 2 0 )

One branch corresponds to  so lu tio n s  belonging to  th e  sp ec ies  b^ and 

th e  o th e r  to  s d lu t ia i s  belong ing  to  spec ies  au o f  th e  u n i t  c e l l  group 

(isom orphic to  Cg^).
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The C-Fom  o f  th e  Normal F a tty  Acids 

In  th e  C -fom  o f  th e  normal f a t t y  a c id s , corresponding methylene 

groups in  th e  two chains ad jacen t in  th e  u n i t  c e l l  a re  so w idely sepa

ra te d  t h a t  t h e i r  in te r a c t io n  need no t be co n sid e red . The p o te n t ia l  

fu n c tio n  f o r  th e se  c r y s ta ls  th en  has th e  fo m  

2 V = ^  k + k*(%n -  *n+ l)^  + ^ ^ y^^

f  k*(yn -  7 n f l ) ^  + k"(yn -  7af2^^ + «*(=n -  7n+ l)^

+ ®*(7n -  Xn+l)^ *■ -  7n+2)^ ^ ®(7n " %n+2)^

f  ®'(=n -  7 n t3 )^  + ® '(%  " 7„+3)^.

The u su a l procedure g iv e s  th e  Two branches

wf  ̂ 1 (k f  2k* + 2k" + 2e + 4o* -  2k* cos 0 -  2k" cos 2 0 )

«> ! . '
w ^ j  t  i  (2e* cos 0  + 2e cos 2 0 + 2e* cos’ 3 0)

corresponding  t o  th e  sp e c ie s  au and b^ o f  th e  u n i t  c e l l  group.

For the  th re e  ty p es  o f  c ry s ta ls  considered ,

[e + 2e* cos 0 

e* + e cos 0 + e* cos 2 0

e* cos 0  + e cos 2 0 + e* cos 3 0

I f  0 = k ÏÏ /m f l, and k = 1 a t  th e  low er l im i t  o f  th e  rock ing  s e r ie s ,

0 = 0 a t  t h i s  l im i t ,  and w | -  w^ = 4 (e  f  2 e * ) /a . The s ig n  o f 

w^ -  w^ depends on th e  phase re la t io n s h ip  between x  and y , which i s  no t 

y e t  d e fin e d . I f  e f  2e* i s  p o s i t iv e ,  Wg (k = l )  i s  th e  frequency o f 

th e  h ig h e r member o f  th e  s tro n g  d o u b le t, and ^  corresponds to  v ib ra t io n s
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p o la rized  n early  o r  p re c ise ly  p a r a l le l  to  th e  ag -ax is  o f th e  o rth o 

rhombic s u b c e ll.

Comparison w ith  Experiment

In th e  sp e c tra  o f  orthorhombic c ry s ta ls  o f  th e  odd-numbered 

n -p a ra f f in s , Snyder has observed th a t  th e  s p l i t t i n g  o f th e  rocking 

dou b le ts  decreases  w ith in c reas in g  frequency toward a  minimum near 

th e  middle o f  th e  s e r ie s  and then  in c re ase s  ag a in . From the  sp ec tra  

o f  and n-Cg^H^ a t  -160° C, he ob ta ined  va lues a = -0.005

X 105 cm”2 and b = 0.092 x  10^ cm"^ fo r  th e  c o e f f ic ie n ts  in  (2 ) . The 

second term  in  (2) dominates the  s p l i t t i n g  and i t s  v a r ia tio n  over t \ e  

s e r i e s .

The values which he allow s 0  to  ta k e  in  (2) d i f f e r  from those  

ass igned  to  0 in  ( l ) .  In  th e  trea tm en t g iven  here , however, no such 

d if fe re n c e  i s  im p lied . A f a i r l y  good c o r r e la t io n  w ith Snyder's  ̂ re su lts  

may s t i l l  be ob tained  i f  i t  i s  assumed th a t  2 e = e*, and e /a  = 1000 cm'"^. 

I f  th e se  values apply to  th e  o th e r c r y s ta ls  a s  w e ll, (? ) becomes

f l   ̂ U cos 0

(8 ) w ^ -  w^ = 4000 cm”2 x  j  2 f  cos 0 f  2 cos 2 0

^ 2  cos 0 + cos 2 0 + 2 cos 3 0

These fu n c tio n s  fo r  0 $  0 ^  TT a re  rep re sen ted  h7 th e  curves in  F ig . A 3 .

In  F ig . A 3 ( a ) ,  A  (w^) fo r  orthorhom bic n-Cg^^H^, n-Cg^H^,

and n-Gg^H^2 p lo t te d  a g a in s t 0  d e fin ed  a s  in  ( l ) .  The freq u en cies  

and k va lues taken  from Snyder's  paper aire l i s t e d  in  Table A 3-1* Also 

included in  th e  Table a re  th e  values o f  0/JT  and ^  (w^). The l a t t e r  a re  

rounded o f f  to  correspond to  th e  number o f  s ig n if ic a n t  d ig i t s  in  the
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F ig , A 3 C o rre la tio n  o f Observed S p l i t t in g  and P o la r iz a tio n  
o f CH2 Rocking Modes w ith P red ic tio n s  Based on a 
Simple Model
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TABLE A 3-1
THE SEPARATION OF THE CHg ROCKING DOUBLETS OF ORTHORHOMBIC 

n-C2]̂ H/|/|. n-C2jH^g, AND n-C2^Hg2 AT -160® C

w (Have 
Number)

*2x10- 3 A (*2)x10-3 k ^ / r r

C21H44 722 521"
. 19 1 0.05

735 540

761 579
6 9 0.45

765 585

807 0 11 0.55

862 743
5 13 0.65

865 748

922 85or
9 15 0.75

927 859

980 960
12 17 0.85

986 972 -

C23H48 722 521)
18 1 - 0.45

734 539

748 560
10 9 0.41

755 570, -

782 611
5 11 0.50

785 616

831 0 13 0.59

883 780]
7 15 0.68

887 787)
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TABLE A 3-1 (Concluded)

w (Have 
Number)

w^xlO"-3 ^ (u 2 )x lO "3 k ^/rr

938 880"
- 9 17 0.77

943 889,

990 980"
12 19 0.86

996 992 1

C25H52 722 52 ll
r 19 1 0.04

735 540, 1

740 548
• 10 9 0.37

747 558.

765 585
6 11 0.46

769 591

804 646"
• 2 13 0.54

805 648,

851 7241
1 2 15 0.62

852 726

900 810)
9 17 0.71

905 8I 9J

951 9041
10 19 0.79

956 914J

998 9961
12 21 0.87

1004 1008 J
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TABLE A 3-11
THE SEPARATION AND POLARIZATION OF THE CH2 ROCKING DOUBLETS OF 

MONOCLINIC n-CggHy^ AT APPROXIMATELY -100° C

w (Wave 
Number)

P o la r iz a tio n *2x10" ^ (Wj 2)xlO-3 k ^ /rr

719 b 5171
r  1 4 1 0.03

729 a 531

741 b 550"
f 4 • X3 0.37

744 a 554 I
754 b 5691

! 1 15 0.43
755 a 570 J

776 a 6021
-1 17 0.49

777 b 603^

805 b .a 0 19 0.54

837 b 7 0 1 '
1 21 0.60

838 a 702

872 b 760'
2 23 0.66

873 a 762

907 b 8241
\ 3 25 0.71

909 a 827 1

943 b 890^
r 5 27 0.77

946 a 895 1

977 J> 954"
9 29 0.83

982 a 963 J

1032 b 10661
4 33 0.94

1034 a 1070 J
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TABLE A 3-I I I

THE SEPARATION AND POLARIZATION OF THE CH2 ROCKING DOUBLETS IN THE 
C-FORM OF'DEUTERATED STEARIC ACID AT APPROKIMAIELY -l"00° C

« (Have
Number)

P o la r iz a tio n *2%10- 3  ( w ç k k/16 k/17

722 b 521 1
I 16 1 0.06 0.06

733 a 537 J
742 a 551 )

I -3 6 0.37 0.35
744 b 554 j
758 a 575

-4 7 0.44 0.41
761 b 579.

782 a 6I I '
-3 8 0.50 0.47

783 b 614

808 b ,a 0 9 0.56 0.53

840 b 705'
2 10 0.62 0.59

841 a 707

876 b 767'
' 4 11 0.69 0.65

878 a 771

913 b 833
2 12 0.75 0.70

914 a 835

951 0 13 0.81 0.76

993 a 986
-4 14 0.87 0.82

995 b 990

1015 a 1030
-6 15 0.94 0.88

1018 b 1036
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frequencies, and the sign assumed for A (w^) i s  that consistent with (6 ) .

In Figure A 3(b), values of w^ -  w^ calculated for the rock

ing doublets o f at about -100° C are plotted against 0 =

k tr /35* The k values were obtained by extrapolation from the band 

sequences observed fay Snyder.^ The significant data are given in  

Table A 3 - U ,

In Figure A 3 (c), the values o f w  ̂ -  w^ for the C-fozm of 

deuterated stearic acid at about -100° C are plotted# Frequencies 

and other pertinent data are included in  Table A 3-III# Since the 

distribution of the rocking doublets in the n-fatty acids corresponds 

rou^ily to that in  a n-paraffin with one le s s  CH2  group, points are 

plotted both for 0 = kTT / l?  and 0 = k TT/16# Points for the same k- 

values are connected by a bar#

In both Figs# A 3(b) and (c ), the sign and magnitude o f the 

observed values of w^ -  w  ̂ show fa ir ly  close agreement with the 

curves obtained from the simple model# The consistent resu lts in  (a),

(b) and (c) indicate that the signs assumed for values of A  (w^) 

plotted in (a) are correct, so that the rocking doublets of the ortho- 

itonbic n-paraffins with frequencies below that for idiich the sp littin g  

i s  a minimum have low frequency components polarised in the b-direction, 

while in doublets above the minimum, these conponents are polarized in  

the a-direction#

When one considers the differences in molecular coiq»sition, 

température, and chain lengths of the compounds for which sp littin gs  

are plotted in  Fig# A 3 , i t  may seem surprising that the points f i t  the 

curves so well# It should be pointed out that the f i t  i s  not extremely
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s e n s i t iv e  to  changes in  th e  r a t io  e /e * , in  f a c t ,  a  rough approxim ation 

to  th e  experim ental d a ta  may be obtained  fo r  a l l  v a lu es  o f e/e* between 

0 and 1 , provided 4(e  *■ 2 e* )/a  = 15,000 to  20,000 cm~^. kaj a ttem pt to  

determ ine p re c ise  values f o r  th e se  in te ra c t io n  co n stan ts  w i l l  re q u ire  

a b e t t e r  knowledge o f  th e  freq u e n c ie s . The range o f  va lues in d ic a te d , 

however, has some s ig n if ic a n c e .

S t e i n , i n  h is  tre a tm en t o f th e  s p l i t t i n g  o f  th e  s tro n g  rock

ing  d oub le t a t  720 -  730 cm~^ and th e  methylene deform ation doub le t a t  

1465 cm "l, neg lec ted  th e  in te ra c t io n  between n e x t-n e a re s t ne ighbors.

I f  e /e*  l i e s  in  th e  range in d ic a te d  above, th en  ef i s  o f  th e  o rd e r o f 

magnitude o r  g re a te r  than  e ,  which im plies t h a t  th e  in te ra c t io n  between 

n e x t-n e a re s t CH2 groups in  ad jacen t chains i s  a t  l e a s t  as  g re a t and 

p o ss ib ly  g re a te r  than th a t  between n e a res t neighbors in  th e  rocking  

v ib ra t io n s .
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