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Infrared Study of Solid Cyclohexanol
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(Received December 3, 1980; in final form May 28, 1981)

Mid infrared absorption for cyclohexanol-OH and -OD in the 400-3700 cm™ frequency range and
93-304 K temperature range has been examined. The presence of both equatorial and axial con-
formers of the molecule for ordered crystals 111 and I1 is confirmed. Conclusions on crystal 11 and
11 structures on the basis of the OH modes behavior are drawn.

INTRODUCTION

Earlier far infrared studies of polymorphism in cyclohexanol"? have revealed
that both equatorial and axial conformers of the molecules are present in the
ordered crystalline phases I11 and I1. Such a behavior contradicts that usually
observed for molecular crystals: only the most stable conformer persistsin an
ordered phase. A mixture of conformers appears only for the disordered plas-
tic phase I. Such normal properties were also ascertained for a variety of
halogenocyclohexanes by Klaeboe® and Rey-Lafon.* The exceptional position
of cyclohexanol clearly needs further examination. The aim of this work has
been to test the conclusions reached from far infrared investigations for the
mid infrared region. Also, further information on the structure of the hydro-
gen bonded polymers was sought.

EXPERIMENTAL AND RESULTS

Absorption measurements were carried out with a DIGILAB FTS-14 spec-
trometer in the 400-3700 cm™ frequency range and 93-304 K temperature
range. Resolution was kept at 2 cm™'. KRS-5 cell windows were used. The
experimental method used here is described in Ref. 1. Measurements were per-
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formed for pure cyclohexanol-OH (CHOL-OH) and for CHOL-OH,, and
CHOL-OD,, doped with cyclohexanol-OD and -OH, respectively. Some mea-
surements for CCly solution of CHOL-OH and CHOL-OD were included.

The main results are shown in Figure 1. These are phase Il and I spectra of
CHOL-OH and CHOL-OD, at liquid nitrogen temperature. The phase I1I-11
transition is especially clearly seen on the OH, stretching admixture band.
This is shown in Figure 2. Figure 3 presents the plastic phase I spectra of
CHOL-OH and CHOL-OD,,. The spectra of the liquid phase are practically
identical, as is always observed for plastic crystals. Slight differences were
noted only for the OH and OD band parameters (see Tables II-1V).

The infrared frequencies observed for CHOL-OH and CHOL-OD, in the
fundamental region are listed in Table I. A great many bands appear above
1900 and 2500 cm™ for CHOL-OD,, and CHOL-OH, respectively. They can
all be explained as overtones or combination bands, but interpretation is not
always unique. Furthermore, additional information about the fundamental
region contained there is meager in the case of such low symmetry. Hence
these frequencies have been omitted to avoid an excessively long table. The
sample thickness had to be fitted to the low absorption region, hence some
information about the CH and OH stretching band structure has been lost.
The OH and OD band parameters are given separately in Tables II-IV. [A
comment on the comparison with Raman studies by James® should be added.
From the far infrared region the conclusion was drawn' that James’ phase I11
corresponds with crystal II. Although the most characteristic OH modes were
not observed by James, the specific behavior of the 1139 and 1173 cm™* bands
supports this conclusion.]

DISCUSSION

Evidence of conformers

Complete vibrational assignment for cyclohexanol is lacking so far.” How-
ever, the CO stretching band is known to appear at 970 cm™* for an axial and at
1070 cm™" for an equatorial conformer, respectively. Figure 1 shows that both
bands are present for phases 111 and II. Neither does their relative intensity
change significantly under phase transitions. This is a direct proof that both
ordered phases are built up of both equatorial and axial conformers. Also, a
systematic disappearance of bands is not observed under phase transitions.
Only three weak bands common to the CHOL-OH and -OD plastic and liquid
phases (d bands in Table I) are not seen for ordered crystals. All these can be
assigned as combinations involving the 312 cm™ band characteristic only for
disordered phases.'

The multiplicity of the CO bands is supposed to result from the intrapoly-
mer correlation splitting. The C;cyclic dimer structure would demand internal



‘[1 fe1sA1o pue [[] [e1sK10 QO-TOHD ‘1 [B18K12 ‘[[[ [€1s410 HO-"TOHD :doi3yl woi] ") §6 1 QO-pue HO-Touexayo[aka jo endads patejuipiy 1 JANOIL

[ oo ootz oov oozt 000 008 000

i 1 1 " 1 i e 1 e _ k0 L .

€T0c Afeniged Tz 9¢:2T e [o1pey pue sweisAS [04u0D Jo AisleAiun amels yswo 1 ] Aq papeojumoq

21



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:36 21 February 2013

22 E. SCIESINSKA and J. SCIESINSKI

o i T
2
= 288 K
@
] 265 K
[72]
1]
g
253 K
8
§
95K
7
i 243K
L 239 K
5
| 238 K
4
- 23
3 8 K
4
1 {95 K
T T
3150 3250 cm™!

FIGURE 2 Temperature behavior of the OH, admixture stretching band in cyclohexanol-OD.
Crystal 111 (1,2), crystal I1(6,7,8), crystal 1(9,10) spectra and crystal I1I-11 phase transition at 238
K (3-5). The spectra are numbered in time sequence.
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mode singlets and the C, chain polymer structure internal mode doublets.
These polymer structures were predicted for phases II and III respectively on
the basis of the CO bending and lattice modes behavior. A full discussion is
given in Ref. 1. The 970 cm™ band of the axial conformer fits these expecta-
tions by appearing as a singlet for phase II and as a doublet for phase I11 (Fig-
ure 1 and Table I). The 1070 cm ™' band of the equatorial conformer behaves
less clearly. Five components for phase III and three components for phase I1
are seen for this band at low temperature. This is undoubtedly due to acciden-
tial degeneracy with some other skeletal or methylene group modes. A tenta-
tive assignment is given in Table I.

The reported experimental results do not suffice for vibrational assignment.
However considerable changes in the spectrum are observed under sample
deuteration and phase transitions. These give evidence of complicated inter-
mode couplings. Qualitative analysis of these effects and comparison with the
literature infrared and Raman data for cyclohexanol® and related com-
pounds™*® has enabled the assignment shown in Table I to be proposed. The
assignment below 1000 cm™ is rather fixed. Skeletal modes were described in
terms of the corresponding cyclohexane ring modes.® as is frequently done.
Actually, the CHOL molecule can show, at best, the C;symmetry. In contrast
to halogenocyclohexanes, there seems to be no clear difference between con-
formers for ring deformation and stretching modes of cyclohexanol. Only the
vs mode undoubtedly shows splitting of 4 cm™ into the e and a components.

OH and OD modes

The most valuable information on the properties of a cyclohexanol crystal is
certainly concealed in the behavior of these modes. Some relevant data are
listed in Tables II-1V. These results are discussed below for OH(OD) stretch-
ing, in plane and out of plane bending modes. Features revealing peculiar poly-
mer structure of crystal III and II are stressed.

1 OH(OD) stretching modes As was mentioned, the OH stretching band
was not reliably measured for a pure sample, but it seems to show no structure
beside the shoulders listed in Table II. The OD stretching band, on the other
hand, reveals rich structure especially for phase III, due certainly to overtones
and combination bands. Approximate positions of the band centers and band
widths are given in Table II. The OH, and OD, admixture bands are hardly
seen for the liquid and plastic phase on account of its broadness (Figure 2).
But for crystal II and III the bands are quite narrow and these give further-
evidence of the ordered structures.®® The significant feature is the consider-
able narrowing of the OH and OD bands and their shift upwards ca. 55cm™' at
the phase III-1I transition. Both features'®'! strongly support the chain poly-
mer-cyclic polymer transition model.



27

INFRARED STUDY OF SOLID CYCLOHEXANOL

'suonisod pue sadeys pueq uo uipuadap ‘®g pue °S 10 %p-p(’0 PUE @ 10} %0 [—¢ :S1011d pIJBWISY "SPUBQ XLIIEW PUE AINIXIWPE JO) S10)08)
1y1ys o1dolos] ‘=g pue *g :A[9anoadsal ‘a8ueyd arnjesadurs) pue £5usnbaiy 310usp 1 p Pue 4p Y 6 01 SPU0dsaLI0d 04 J1ayMm * L P 04 /4D SE PIULJIP
(,_) ,.01 u1) U320 1ys srnieladwsal Jedu) ‘g ‘spueq O PUe HO 2y Jo sdswreled e ‘(g pue H 1dussiadns 'spueq xuew pue sinixiupe
‘w pue e 1duosqns ‘spueq NII[OW PIIBIIOSSE puUk IIWOUOW ‘g pue  :J 3jqe] o1 uostiedurod ul uoNIBIOU [BUONIPPY Y 867 1E § Uonn(os
pue gog 18T pmbI[ 3 887 18 [ [B1SK13 *Y §6 1® B1Ep [T U [[] [B15413 }(,_Um)sissyuased uf wnwinew jiey 18 SqIpia pueq [nj puesuonisod pueg

6ve’l g4°5/091/08¥C 4'1/092/0S€€ g's/08T/spee

Se'l q'us 06T g'ys 06ve a'ys o6ve
LPSEl JW/L1/€L9T A'm /12/129¢ J'w/ze/1z9¢ S
Vel SA/0v1/08vC SA/06T/0€€E 1
Sve'l SA/OV1/89vT SA/Q¥T/S1EE I

s [332%

ys 0LEE

6v€'l [43 291 150 w/e1/91vT SA/SS/LTVT »$'0 Ww/ei/08Ce SA/QS1/SLTE
s 0sie 11

ys 0see
el pobe’l L6'0 Wy L(T/v9ET SA/0Z1/69¢C $8°0 w/12/7061¢ SA/081/¢81¢ 11
“s 'S af *ao “ao 1o *HO HO ASVHd

siapwesed pueq Suyotans QO pue HO
II 31dVL

€T0c Afeniged Tz 9¢:2T e [o1pey pue sweisAS [04u0D Jo AisleAiun amels yswo 1 ] Aq papeojumoq



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:36 21 February 2013

28 E. $CIESINSKA and J. SCIESINSKI

2 OH(OD) ip bending modes The assignment of these modes was not ob-
vious even though a comparison of the CHOL-OH and -OD spectra was
made. The OH ip bending mode is known to be highly sensitive to intermode
mixing®'?and as a consequence less specific. This mode was suspected'’ at ca.
1400 cm™ from CCl, solution studies. However, practically identical results
were obtained here for CHOL-OH and CHOL-OD solutions above 1320 cm™.
Clear differences were instead seen at ca. 1230 and 1290 cm™. Hence these
bands were assigned to the OH ip bending mode of the free and associated
molecule, respectively. A somewhat higher isotopic shift factor (Table III) for
the free molecule is reasonable for this mode. The CHOL-OH crystal 111
shows one component of the OH ip bending mode at 1507 cm™ as a very
strong and broad band, similarly as with methanol." For the deuterated sam-
ple this band appears at ca. 1010 cm” and its structure is connected with the
OD op bending overtone. There also appears a clear band at 874 cm™ for
CHOL-OD,, which most probably is the second component. The correspond-
ing band for CHOL-OH is found at 1304 cm™. The value of the shift factor
gives evidence of significant intermode coupling, but is still much lower than
1.67 as observed for methanol.’* Some doubts are caused by the OD, band
located at 1003 cm™ (Table IIT), which seems to be too far removed from the
correlation doublet center. The character of the OH ip bending band for crys-
tal I1 is different; the band is rather narrow. For CHOL-OD an influence on
the v3; and CH op bending modes is revealed, but the shift factor remains at a
normal level (Figure 1).

TABLE 111
OH and OD ip bending band parameters

PHASE OH ot OH, ODn oD, Sa Sm
11 1304(5) m 874 sh  998sh 1.492
1003 w
987 w
1507(32)vs  —0.79 1010(18) s 1.488
1015 sh
11 1295(12) s —0.14 1297w 962 sh  980sh 1323 1.346
I 128 m 990 sh 1.31
1430 ?
L 1297 m 990 sh 1.31
1430 7
S 1230 m,F 854(10)m,F 1.440
1292 w,B 935 wB 1.382

For notation, see footnotes to Table II.
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3 OH(OD) op bending modes The OH op bending mode has not received
much attention in earlier hydrogen bonding studies. More recently its diag-
nostic value has been appreciated.”'® Zerbi and coworkers have done an
experimental'® and theoretical'” analysis of this mode for methanol. Figure 4
shows the temperature dependence of this mode for CHOL-OH. For crystal
IIT the mode behaves qualitatively very similarly to that of methanol,' but
two broad components are clearly separated at low temperature. The
methanol band is like that of cyclohexanol but at a much higher temperature.
Even the frequencies are nearly coincident. The same is observed for the OH ip
bending and OH stretching modes. This similarity can hardly be understood if
the polymer structures of methanol and cyclohexanol were different. Hence
this strongly supports the chain polymer model for phase I11. The existence of
the OH op bending triplet instead of the expected doublet need not mean that
the postulated two-molecule chain unit is wrong. The band is not well under-
stood in detail so far. Recently, Pellegrini'’ has explained the breadth of the
band for methanol through a distribution of hydrogen bond geometries along
the chain. But there is still no reasonable explanation why the lowest compo-
nent is so narrow. The highest frequency component for methanol was seen as
a broad shoulder and interpreted through two-phonon processes. It seems
quite possible that a theory of vibrational excitons involving strong coupling
with relevant hydrogen bond modes, similar to that of Fischer and Rice,'®
would give a similar triplet for the two-molecule unit cell. This problem cer-
tainly demands further study.

The behavior of the OH op bending mode for phase II is quite different.
The band consists of two medium broad components, one weak and the other
very strong. For CHOL-OD this band is significantly distorted by coupling
with the v1s mode, so the first component is only marked as a shoulder. This
coupling reveals itself in the somewhat anomalous value of the isotopic shift
factor (Table IV). Both the intensity and position of the » ;¢ mode are notice-
ably perturbed (Figure 1 and Table I). The appearance of a doublet instead of
a singlet for the C; cyclic dimer structure is comprehensible under the strong
coupling conditions with appropriate hydrogen bond modes. Due to argu-
ments similar to those of Witkowski,'” these can cause the gerade mode to be
infrared active. The peculiar behavior of this band for a CHOL-OH,, doped
crystal is also very interesting. Here a third weak component at 717 cm™ is
seen between two others. It has to be the OH, uncoupled mode in the middle of
the correlation doublet. The appearance of this mode cannot be understood
for the C;chain polymer structure with a low concentration of the admixture.
For crystal III the OH op bending band is identical for pure CHOL-OH and
doped CHOL-OH .. But for the cyclic polymer structure the smallest admix-
ture unavoidedly breaks the intrapolymer coupling for some polymers. Hence
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TABLE IV
OH and OD op bending band parameters

PHASE OH 6" OH, o ODp ®° OD. S. Sm
i 680(6) s —2.07 770w —234 505(6) s —122 562w 1375 1.347
758(34) vs —3.11 775w 565(27) vs 1.342
844(39) s —2.31 624(24) s —3.00 1.353
1§ 706 m 761 w 523 sh 543w 1.401
745(22) vs —1.79 539(14)vs —2.69 1.382
I 650(200) s 500 m 1.30
L 650(200) s 490 m 1.33

For notation, see footnotes to Table I1.

both the OH,and OD, uncoupled modes should appear, as is observed. These
experimental data seem to be a strong argument in favor of the C; cyclic dimer
structure of phase IL. The shift of 44 cm™ between the OH, and OH, modes is
worth noting. According to Prased,” this shift can be due to the difference of
the static site shift fora CHOL-OH and -OD environment, or it can be due to
the translational shift resulting from the interactions between translationally
equivalent molecules. Hence these interactions seem to be strong for crystal I1
of cyclohexanol.

4 Appearance of conformers So far, the problem of two conformers has
been omitted from the OH mode discussion. It would have been expected that
two correlation multiplets should be observed for each of the three OH modes,
independently for the axial and equatorial conformer. But it is known that the
behavior of OH modes is decided by hydrogen bond properties for bonded
molecules. Experimentally, it looks like the bands were common to both con-
formers. The OH,and OD,stretching admixture narrow bands are single. The
structure of the ip and op bending multiplets is also due to correlation split-
ting. The OH, op bending mode for phase III, however, seems to show a slight
doublet structure, close to the limit of experimental error (Table IV and Fig-
ure 1). The most likely solution seems to be an accidential degeneracy of the
OH modes for both conformers. The geometrical structure of the conformers
and the closest packing conditions can provide similar, or even equal parame-
ters of the hydrogen bond for both conformers.' Atlernatively, one might pos-
tulate that only different conformers bond together for cyclohexanol Il and
I11 crystals. But then the intrapolymer splittings observed in the far' and mid
infrared region for some modes would seem to be unexpectedly high for the
second neighbor interaction. The intrapolymer splitting of methanol, ob-
served only for the OH op bending and OH and CO stretching modes, is sim-
ilar to that of cyclohexanol.
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5 Temperature behavior of OH(OD) modes The temperature dependence
of the OH modes is worth discussing. It is shown in Figures 2 and 4. Relevant
data are given in Tables [I-IV. The linear frequency vs temperature depend-
ence was fitted for all the bands. The error of the temperature shift coefficient
0 is estimated to be 5-10%. The OH and OD stretching bands show equal
coefficients, as one would expect. For op bending modes agreement is lacking
probably due to intermode mixing for the CHOL-OD crystal. Temperature
broadening and neighboring band behavior make the data for bending modes
less accurate and informative. Nevertheless, these coefficients were also in-
cluded in Tables III and IV merely to complete the experimental results. In
accordance with expectation, the coefficients show a stronger temperature ef-
fect for the op bending mode. An interesting feature is also the definite differ-
ence between the 0 coefficients for the op bending mode components of crystal
II1. The most reliable and valuable data relate to the OH,and OD,stretching
admixture bands. It is seen that the 8 coefficient of crystal II is almost two
times lower than that of crystal III (Table II). The temperature effect for the
OH stretching mode has been studied both theoretically and experimen-
tally.*"?? Generally, the positive effect is expected and observed. But potas-
sium bicarbonate which forms a cyclic dimer structure, shows no effect. Such
a behavior was predicted for isolated cyclic dimers by Marechal.” The factor
two between @ coefficients of crystals III and II of cyclohexanol would be hard
to understand for similar polymer structures. This is a further valuable and
convincing argument for the chain and cyclic polymer structures of crystal I11
and II, respectively.

6 Isotopiceffect Accordingto Novak,’ valuable information about the iso-
topic effect in a crystal can be obtained by comparing the isotopic shift factors
for the OH stretching and op bending modes. Unfortunately, the OH op mode
factors for cyclohexanol are significantly distorted due to intermode coupling.
The OH stretching mode alone suggests a minor positive isotopic effect, as is
expected for alcohols. Some further data on the isotopic effect for cyclohex-
anol can be found in Ref. 2.

CONCLUSIONS

The presence of both equatorial and axial conformers of the molecule for
ordered crystals III and II of cyclohexanol was confirmed. Many peculiar fea-
tures of the OH modes, supporting the chain polymer and cyclic dimer struc-
ture of crystal III and II, respectively, were found. So far, there seem to be no
convincing experimental arguments against the C; cyclic dimer and C; chain
polymer structures, proposed in Ref. 1.
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