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Abstract

The enthalpies of evaporation, the saturated vapor pressures of 1-methylcyclopentanol (I) and 1-chloro-1-methylcyclo-
pentane (II) and the energy of combustion of crystal I were measured. IR and Raman spectra of both compounds were
recorded and vibrational analyses were made. Thermodynamic functions of I and II in the ideal gas state were calculated by
the statistical thermodynamics methods. In order that the experimental and calculated entropies of gaseous 1,1-CIMeCP agree,
it is necessary to determine the contribution of pseudorotation as the contribution of motion with potential function
V(¢) = {5800 — 3060 cos(¢) — 2740 cos(2¢)} Jmol~' and pseudorotational moment of inertia 15.24x10 *° g cm®. The
molecular rotation in the plastic crystal state of II is discussed. © 1997 Elsevier Science B.V.
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1. Introduction

The present work continues our investigations of
thermodynamic properties of some cyclopentane deri-
vatives [1,2], in order to study the influence of ring
inversion on physical and chemical properties of
substances. Heat capacities and enthalpies of transi-
tions for 1-methylcyclopentanol (1-MeCPol) and 1-
chloro-1-methylcyclopentane (1,1-CIMeCP) in the
condensed state between 5 and 315 K were reported
in [3]. To obtain the experimental entropies of these
gaseous compounds, their enthalpies of evaporation
and saturated vapor pressures were measured in this
work. The enthalpy of combustion of crystal 1-MeC-
Pol and the standard enthalpies of formation of crystal
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and gaseous 1-MeCPol were also determined. IR and
Raman spectra of both compounds were recorded and
vibrational analyses were made. Thermodynamic
functions of 1-MeCPol and 1,1-CIMeCP in the ideal
gas state were calculated by the statistical thermo-
dynamics methods. In order that the experimental and
calculated entropies of gaseous 1,1-CIMeCP agree,
it is necessary to determine the contribution of pseu-
dorotation as the contribution of motion with po-
tential function V(¢) = {5800 — 3060cos(¢) — 2740
cos(2¢)}Jmol~! and pseudorotational moment of
inertia 15.24x10*° g cm?. It was shown by the sta-
tistical calculations that prohibitions of internal rota-
tion and pseudorotation are removed at transition of
1,1-CIMeCP into the plastic crystals and a hindered
general rotation of molecules in nodes of crystal lattice
exists in the plastic phase.
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2. Experimental

The samples of 1-MeCPol and 1,1-CIMeCP were
synthesized by the methods given in [3]. The purities
of 1-MeCPol and 1,1-CIMeCP were 99.96% and
99.94%, respectively, according to GLS.

The sublimation and vaporization enthalpies were
determined in a differential heat-conducting micro-
calorimeter of Calvet type MID-200 with special
calorimetric cells, described earlier [4]. The moder-
nized MID-200 included a voltmeter with limits of
measurements between 1x107° and 2 V and relaxa-
tion time between 2 and 30 s and also an IBM PC. The
samples were placed in hermetic cells of stainless steel
supplied with a nickel membrane. After preliminary
thermostating of the calorimeter the membrane was
pierced by a special demountable rod and the heating
flux needed for evaporation was recorded. The calori-
meter was calibrated by sublimation of benzoic acid
(K-1) and naphthalene and by vaporization of n-
decane and bidistillated water. As a result, we found
that the uncertainty of evaporation enthalpy measure-
ments did not exceed +0.5%.

The saturated vapor pressures of compounds were
determined by the integral effusion Knudsen method.
The temperature was controlled to within +0.02 K and
weighting was reproducible to within +1x10 > g.
The sample was located in a stainless steel chamber,
which was sealed with a teflon gasket. Membranes of
nickel foil (thickness 0.05 mm) with diameters of
effusion orifice (0.24864-0.0004) mm at 7 > 273 K
and (0.5607+0.0004) mm at 7 < 273 K for crystal 1-
MeCPol and (0.2483+40.0004) mm for liquid 1,1-
CIMeCP were used. The solution of water and ethanol
(50 : 50 mass) and crystaline CO, were taken as a
thermostating liquid and a quenching agent, respec-
tively, in the experiments at 7 < 273 K. It was sup-
posed for calculations that vapors have a
monomolecular composition. The uncertainty in
vapor pressures determination does not exceed
+5%. The apparatus construction and measuring pro-
cedure were described in details earlier [5,6].

The combustion enthalpy for 1-MeCHol was deter-
mined by burning in a bomb calorimeter with an
isothermal water shell, the temperature of which
remained constant within +0.0015 K. The measure-
ments uncertainty for combustion energies is 0.02%
[7]. The reliability of determination of the combustion

enthalpies is indirectly confirmed by a good agree-
ment of our value of the combustion enthalpy of urea
with the results obtained by other authors [8]. Ther-
mometric measurements were carried out by the
100 €2 platinum resistance thermometer with record-
ing of amplified signal of a digital voltmeter. Energy
equivalent of calorimeter (14932.4i5.7)JK‘1 was
determined from reference sample of benzoic acid
(K-1) with combustion energy (—26434.6+4.5) ] g‘l
(at weighting in vacuum). The samples of 1-MeCPol
were burnt in hermetically sealed Terylene ampoules
(Terylene is polyethylene terephthalate with
d2 = 1380kgm ", C, (298.15K)=1.142 JK ' g
[9]). Combustion energy of Terylene is (22879.7+
11.1)J g~ ' (at weighting in vacuum). The com-
pleteness of burning was checked by gravimetric
analysis of combustion products using the Rossini
method [10]. The Washburn corrections were calcu-
lated by the Prosen method and recommendations
[11].

The IR spectra of liquid 1-MeCPol and 1,1-
CIMeCP in the wave-number range from 75 to
450 cm ™' were recorded using a Fourier spectrometer
LAFS 1 000 with resolution of 2.9 cm™". The spectra
were obtained from interferograms, averaged over five
experiments. The IR spectra in the range from 4 000 to
400 cm™ ' were recorded with a Specord-75 IR spec-
trometer using thin films of liquids between KBr
plates. The Raman spectra between 4000 and
400 cm ' were obtained by a Ramalog-4 spectrometer
with argon laser (A\g = 414.5 nm).

3. Thermodynamic properties and characteristics
of phase transitions of 1-MeCPol and 1,1-
CiMeCP

It was reported earlier [3] that 1-MeCPol undergoes
the transition crlll — crll at 281.72 K. That is why
it is necessary to note that the limitations of the
Knudsen method in determining saturated vapor pres-
sures of compounds (approximately from 0.03 to
300 Pa) allow to obtain the reliable data only over
the phase crlll of 1-MeCPol. But the enthalpy of
sublimation determined in MID-200 is related to
phase crll. Taking into account the changes of both
temperature and solid phase of 1-MeCPol at 281.72 K,
the calorimetric enthalpy of sublimation was reduced
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Table 1

21

Saturated vapor pressures P over crystal (crlIl) 1-MeCPol and liquid 1,1-CIMeCP measured by the integral effusion Knudsen method: 7 is the

duration of effusion; Am is sample mass decrease

Compounds T (K) 1 (5) Amx10° (kg) P (Pa)

1-MeCPol 253.11 7254 9.92 2,192
258.12 5454 14.73 4.371
260.58 3654 13.40 5.965
263.05 2454 12,51 8.339
265.39 1854 12.40 10.98
273.12 5454 16.69 28.58
276.04 2754 11.79 40.20
278.83 2154 12.69 55.60
281.58 1854 14.84 75.91

1,1-CiMeCP 239.34 2754 17.10 50.01
244.49 1854 18.25 80.13
247.16 1869 23.61 103.41
253.02 1854 36.80 164.38
253.16 1854 37.37 167.01
258.15 1854 54.83 247.44
263.28 1854 78.96 359.82

to a comparison between the results of two different
methods.

The measured saturated vapor pressures over crys-
talline 1-MeCPol (crIII) between 253 and 281 K and
over liquid 1,1-CIMeCP between 239 and 263 K are
presented in Table 1. The experimental results for 1-
MeCPol (crlll) and for 1,1-CIMeCP can be approxi-
mated by Eqgs. (1) and (2), respectively:

In(P/Pa) = (35.800 % 0.160)

— (8862.0 £ 42.9)/T (1
In(P/Pa) = (25.600 + 0.478)
— (5186.6 + 120.0)/T @)

The enthalpy of sublimation of 1-MeCPol
A$ L HO (267.35K) = (73.68 £ 0.36) kimol~'  and
the enthalpy of vaporization of 1,1-CIMeCP
ASH?(251.31K) = (43.12+£ 0.99)kImol™! at the
mean temperatures of their effusion experiments were
calculated from Egs. (1) and (2), respectively. The
values A H?(290.52K) = (67.35 £0.17) kJmol ™!
for 1-MeCPol and A$H?(296.60K) = (39.74+
0.12) kI mol ™! for 1,1-CIMeCP were also determined
from calorimetric experiments (Tables 2 and 3,
respectively). The weight-averaged enthalpies of eva-
poration, obtained from calorimetric and effusion
results, were used in the further calculations and they

are  A$H%(267.35K) = (71.78 £ 0.15) kJ mol '
for 1-MeCPol and ASHO(251.31K) =
(42.07 £ 0.12)kJm01’l for 1,1-CIMeCP. Then, tak-
ing into account the effusion data, the standard
entropies of sublimation of 1-MeCPol and of vapor-
ization  of 1,1-CIMeCP  are, respectively:
A8 S0 (267.35K) = (194.70 + 0.56) JK ™' mol
and A§5°(251.31K) = (112.82 £ 0.48) JK~ " mol~".
On the basis of these values and entropies of com-
pounds in the condensed state [3], the experimental
entropies of gaseous 1-MeCPol and 1,1-CIMeCP were
calculated and they are, respectively:

5%(2:267.35K) = (354.49 £ 0.90) JK~ ! mol ™!
m(&;

and
$°(g;251.31K) = (338.77 + 1.23) JK~" mol™!

The results of combustion experiments for 1-MeC-
Pol are summarized in Table 4. The standard molar
energy and enthalpy of combustion of crystal 1-MeC-
Pol are, respectively:

A UD (crll; 298.15K)
= —(3718.60 + 1.14) kJmol ™ ';

A HO (crll; 298.15K)
= —(3724.80 + 1.14) kI mol "
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Table 2

Calorimetric determinations of the enthalpy of sublimation for 1-MeCPol

No. m(g) T (K) 7, AE d7 Type of cell AH (D) A8 LHD
(mV s) (kI mol™)

1 0.12192 291.69 18545.69 A 81.90 67.28

2 0.12192 289.64 19169.57 A 84.65 67.47

3 0.10734 290.03 16283.33 A 7191 67.10

4 0.09557 291.71 13861.62 B 64.48 67.57

5 0.11710 289.91 16929.28 B 78.74 67.35

6 0.11906 290.19 17206.13 B 80.03 67.33

(A% H2(290.52K)) = (67.35 +0.17) kI mol™!

The calorimetrically measured enthalpy change AH and the enthalpy AH?, were calculated from the expressions:

kp
AH:K’I-/AEAT and AH? = AH -M/m,

T=0

where m is the mass of the specimen; M is the molar mass; K is the calorimetric constant (the X values for cells A and B are 226.45 and
214.99 mV s 17, respectively); AE is the thermocouple potential difference corresponding to the temperature imbalance between cell and
calorimeter thermostat at the time 7; 7, is the experiment duration; T is the temperature of the calorimeter. The value of m is corrected for the

mass of saturated vapor in the free volume of the ampoule immediately before an experiment.

Table 3

Calorimetric determinations of the enthalpy of vaporization for 1,1-CIMeCP

No. m (g) T (K) iy AE -dr Type of cell AH (J) ASHO

(mV s) (kJ mol™")

1 0.08039 296.10 6130.51 A 26.95 39.77
2 0.08449 396.92 6433.09 A 28.41 39.88
3 0.06591 297.01 5022.80 A 22.18 3991
4 0.08172 296.14 5866.66 B 27.29 39.61
5 0.07667 295.87 5509.79 B 25.63 39.65
6 0.07537 297.09 5418.72 B 25.20 39.66
7 0.06400 297.08 4601.99 B 2141 39.67

(AYH?(296.60K)) = (39.74 £ 0.12) kJmol™'

See footnote of Table 2.

On the basis of the standard enthalpies of formation of
CO,(g) and H,O() [12] and the weight-averaged
enthalpy of sublimation A% H%(298.15K) =
(66.99 + 0.15) kI mol ™!, the standard molar enthal-
pies of formation of crystal and gaseous 1-MeCPol
were obtained:
ArH? (crll;298.15K) =
—(351.26 £ 1.40) kI mol ';

ArH? (g;298.15K) =
— (284.15K) = —(284.27 + 1.41) kJ mol "

4. Conformational compositions, normal
vibrational frequencies and statistical
calculations of thermodynamic functions
of 1-MeCPol and 1,1-C1MeCP in the
ideal gas state

To analyze the conformational compositions of
gaseous 1-MeCPol and 1,1-CIMeCP and to obtain
geometrical parameters and energy characteristics
of internal rotation and ring inversion of molecules,
the molecular mechanics methods [13] were used by
the MM2 program.
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Table 4

Experimental determinations of the molar energy of combustion of crystal 1-MeCPol (crll) at 298.15 K, where m is the mass of the substance;
& is the correction for the heat exchange between the calorimeter vessel and surroundings; K is the cooling constant of the calorimeter; AT is
the corrected temperature rise; g; is the correction for ignition; guno, is the correction for nitric acid formation; g, is the sum of the
Washburn corrections; mery is the mass of Terylene; giery1 is the energy of combustion of Terylene

No. 1 2 3 4 5

m (g) 0.48019 0.42288 0.39451 0.40503 0.51121
Miery (8) 0.02516 0.02876 0.02467 0.02872 0.02824
Kx10~* 1.156 1.202 1.176 1.140 1.187
—6 (K) 0.017 0.021 0.019 0.015 0.013
AT (K) 1.23380 1.09610 1.01954 1.05173 1.31563
ad 2 2 2 2 2

aivo, () 6.3 5.1 54 6.3 6.3
Guasn () 7.0 6.1 5.6 5.8 76
Greryt ) 575.6 658.0 564.4 657.1 646.1
~AUS (I g™ 37136.7 37117.5 371266 371173 37134.6

Average value: (37126.5111.4)] g"

®
OH@ @ OH

® ®

Fig. 1. The conformers of 1-MeCPol.

It was found that six and two conformers of the
‘envelope’ form are stable for 1-MeCPol (Fig. 1) and
for 1,1-CIMeCP, respectively. The conformers of 1,1-
CIMeCP (A and B) are structurally similar with the
conformers A and B of 1-MeCPol. Besides, four
conformers of 1-MeCPol form two pairs of chiral
isomers (pairs C and D, E and F). The most stable
conformers of compounds are conformers A with
pseudo-equatorial methyl group. Principal moments
of inertia products, reduced moments of inertia of tops

and energy differences for conformers of 1-MeCPol
and 1,1-CIMeCP at 298.15 K are given in Table 5.

The energetics of conformational transitions and
tops rotations in molecules of 1-MeCPol and 1,1-
CIMeCP were investigated by the ‘dihedral driver’
procedure of the MM2 program. This procedure
allows to study the alteration of molecular energy at
various molecular dihedral angles. The pseudorotation
was examined at the fixed positions of OH- and CHs-
tops and the configuration of carbon ring was the same
at rotations of methyl and hydroxyl groups because the
potential barriers of conformational conversions and
internal rotations differ significantly. The energy
changes at pseudorotation in 1,1-CIMeCP and rota-
tions of the tops in molecules of 1-MeCPol and 1,1-
CIMeCP were approximated by the potential-energy
functions of general type:

V() = Vo/2+ ) Vy - cos(ng) (3)
=1

where V, and V,, are coefficients given in Table 6, n is
the number of maximums in the potential curve, ¢ is
the angle of rotation of the top or a phase angle of
pseudorotation. The potential-energy function of
pseudorotation in 1,1-CIMeCP is also represented in
Fig. 2.

To carry out the vibrational assignments for I-
MeCPol and 1,1-CIMeCP, the normal vibrational
forms and wave numbers of their conformers A were
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Table 5

Principal moments of inertia products (/5/3/c), reduced moments of inertia of the tops (/,.4) and energy differences at 298.15 K (Acoanf,’,) for

conformers of 1-MeCPol and 1,1-CIMeCP.

Compounds Types conformer 1alglc 1ed(CH3) 1..4(OH) AcontHS,
10" g* em® 10% g cm? 10% g cm? KkJ mot ™!
1-MeCPol A 30.68 5.30 1.29 0
B 31.67 5.33 1.29 379
C,D 32.03 5.31 1.29 0.44
E,F 31.97 5.31 1.29 0.52
1,1-CIMeCP A 65.43 5.33 — 0
B 71.02 5.33 — 6.13
Table 6
The coefficients of the potential-energy functions of the internal rotation for 1-MeCPol and 1,1-CIMeCP
Compounds Types of internal rotation V2 Vi Vs Vs
(Jmol ') (Jmol™") (Jmol™") (Jmol™h
1-MeCPol CH;-top rotation 7210 — — 7210
OH-top rotation 1740 —285 —-80 1625
1,1-CilMeCP CHj;-top rotation 8930 — — 8930
pseudorotation 5800 —3060 —-2740 —
10 — — . — — 10 calculated by the programs, given in Ref. [14]. The
torsional coordinate of methyl group was not taken
oL 9 into consideration for these calculations. Geometrical
| parameters of molecules were obtained by the MM2
gl Jg program. The force-field constants of cyclopentyl

Vi kFmot’l
-

T

-

3 43
2# -2
A A
LF 41
0 I ] 1 - 1 0
0 60 120 180 240 300 360
o -180/n

Fig. 2. The potential-energy function of pseudorotation for 1,1-
CIMeCP: ¢ is a phase angle of pseudorotation, A and B denote the
conformers of 1,1-CIMeCP.

skeleton and methyl group were the same as for
methylcyclopentane [15]. Other force-field constants
of 1-MeCPol and 1,1-CilMeCP were the same as for 1-
methylcyclohexanol and 1-chloro-1-methylcyclohex-
ane [16], respectively. The results of vibrational ana-
lyses of 1-MeCPol and 1,1-CIMeCP are presented in
Tables 7 and 8.

Statistical calculations of thermodynamic proper-
ties of 1-MeCPol and 1,1-CIMeCP in the ideal gas
state were made using the procedures and relations
given in [17]. The method of determining conforma-
tional contributions was chosen to reach the best
possible agreement between experimental and calcu-
lated entropies of gaseous compounds.

Vibrational contributions to thermodynamic func-
tions of 1-MeCPol and 1,1-CiIMeCP were obtained
from wave numbers selected for statistical calcula-
tions (see Tables 7 and 8). The bands 380 cm™ ! of 1-
MeCPol and 125 cm ™' of 1,1-CIMeCP corresponding
to rotational vibration of the hydroxyl group and
pseudorotation, respectively, were ignored. Contribu-
tions of hindered rotations of methyl and hydroxyl
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No. Te(ecm™") To(cm™!) PED. (%) Vg(cm™') selected for
statistical calculations
IR Raman
1 3681 3350 OH (100) 3350
2 2983 2960 2965 CHm (99) 2965
3 2979 CHm (100) 2965
4 2951 2920 2930 CH (98) 2930
5 2948 CH (99) 2930
6 2941 CH (99) 2930
7 2937 CH (99) 2930
8 2881 2870 2880 CH (99) 2880
9 2877 CH (99) 2880
10 2877 CH (99) 2880
11 2876 CH (99) 2880
12 2870 2850 2860 CHm (100) 2860
13 1476 1480 CCH (24); HCH (75) 1480
14 1472 1470 CCH (22); HCH (77) 1470
15 1469 1460 CCH (23); HCH (76) 1460
16 1465 1455 1455 CCH (22); HCH (77) 1455
17 1435 1445 CCHm (15); HCHm (84) 1445
18 1411 1410 CCHm (5); HCHm (94) 1410
19 1390 1395 CC (22); CCm (6); CCH (51) 1395
20 1368 1370 CC (11); CCH (85) 1370
21 1355 1360 CCHm (51); HCHM (41) 1355
22 1340 1310 CC (36); CCH 47) 1310
23 1329 1300 CC (30); CCH (65) 1300
24 1286 1285 1290 CC (7); CO (17); CCH (33) 1290
CCHm (6); COH (18)
25 1225 1255 1240 CC (38); CCH (24); CCHm (17) 1240
26 1224 1230 1220 CCm (14); CO (11); CCH (34),
COH (27) 1220
27 1163 1150 CCH (98) 1150
28 1161 CC (6); CCH (85) 1150
29 1124 1125 1130 CCH (96) 1125
30 1082 CC (11); CCm (19); CCH (12) 1125
CCHm (8); COH (34)
31 1077 CCm (18); CO (8); CCH (57) 1125
32 1045 1035 1040 CCH (85); CCHm (5) 1035
33 1032 1020 CC (57); CCH (33) 1020
34 983 1005 CCC (7); CCH (32); CCHm (56) 1005
35 946 975 985 CCH (32); CCHm (53); HCHm (5) 985
36 922 930 940 CC (54); CCH (10); CCHm (23) 940
37 905 900 915 CC (74); CCC (5); CCH (11) 915
38 867 880 890 CC (9); CO (37); CCH (35); CCHm (9) 890
39 809 815 825 CC (7); CCH (89) 825
40 788 810 CC (24); CO (6); CCC (12); CCH (49) 810
41 730 720 CC (19); CO (23); CCH (48) 720
42 595 585 595 CCC (79); CCH (13); CCO (5) 595
43 528 515 CCm (19); CCC (43); CCCm (10); 515
CCH (5); CmCO (7)
44 445 480 CCO (56); tCO (43) 480
45 419 420 CCC (29); CCCm (11); CCH (15) 420

CCO (22); t-r (14)
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Table 7

(Continued)

No. Te(cm™') To(cm™1) PE.D. (%) To{cm™") selected for
statistical calculations

IR Raman

46 375 375 380 CCCm (28); tCO (71) —

47 326 310 320 CCCm (17); CCO (7),; CmCO (73) 320

48 314 310 320 CCCm (64); CCO (20); t—r (7) 320

49 222 225 200 CCC 95); CCO 97); t—r (86) 225

50 150 175 CCC (24); CCCm (18); CCO (9);

t—r (45) 175

In columns 3 and 4 values of (7)) are given for the vibrations assigned from IR and Raman spectra. The numbers of normal vibrations of -
methylcyclopentanol are in parentheses. Torsinal coordinate of methyl group was not taken into consideration at wavenumbers calculations

Table 8
Observed () and calculated (7.} wave numbers and potential energy distribution (P.E.D. (%)) for 1,1-CIMeCP
No. Te(em™1) vo(em™) PE.D. (%) Tp(cm™!) selected for
statistical calculations
IR Raman
I 2983 2965 2970 CHm (99) 2970
2 2979 CHm (99) 2970
3 2951 2930 2930 CH (98) 2930
4 2948 CH (99) 2930
5 2941 2900 2920 CH (99) 2900
6 2938 CH (99) 2900
7 2881 2865 2880 CH (99) 2880
8 2877 CH (99) 2880
9 2877 CH (99) 2880
10 2876 2850 CH (99) 2880
11 2870 CHm (100) 2880
12 1475 1460 1450 CCH (23); HCH (73) 1450
13 1472 CCH (22); HCH (77) 1450
14 1469 CCH (24); HCH (70) 1450
15 1465 1440 CCH (21); HCH (78) 1450
16 1460 CCL (10); CCH (14); CCHm (13); 1450
HCH (17); HCHm (25)
17 1411 1375 CCl1 (10); CCH (9); HCHm (67) 1375
18 1410 CCHm (5); HCHm (94) 1375
19 1368 CC (11); CCC (12); CCH (85) 1375
20 1367 CCH (49); CCHm (17); HCHm (14) 1375
21 1348 1330 1330 CC (17); CCH (38); CCHm (25) 1330
22 1327 1305 CC (28); CCH (67) 1305
23 1321 1285 CC (31); CCH (45); CCHm (9) 1285
24 1207 1225 1200 CC (33); CCH (33); CCHm (16) 1200
25 1165 1190 CCC (12); CCH (98) 1190
26 1156 1165 1150 CC (11); CCH (75); CCHm (7) 1150
27 1121 1130 CCC (10); CCH (88) 1130
28 1105 1100 CCH (90) 1100
29 1058 1035 CC (17); CCm (43); CCC (D 1035
CCHm (12); CmCl (7)
30 1041 CCC (6); CCH (86) 1035
31 1026 1020 CC (55); CCC (5); CCH (31) 1020
32 982 980 CC (39); CCH (20); CCHm (31) 980

33 943 930 CC (15); CCH (26); CCHm (44) 930




A.V. Blokhin et al./ Thermochimica Acta 292 (1997) 19-29 27
Table 8
(Continued)
No. ve(em™") To(em™!) PED. (%) Do(cm™!) selected for
statistical calculations
IR Raman

34 917 910 CC (54); CCCH (10); CCHm (23) 910
35 907 885 890 CC (44); CCH (25); CCHm (15) 885
36 894 845 860 CC (49); CCm (5); CCH (36) 845
37 809 835 CC (6); CCC (6); CCH (90) 835
38 774 775 785 CCC (12); CCH (86) 775
39 602 590 590 CC (20); CCl (31); CCC (16) 590

CCC (16); CCH (19)
40 583 CCC (49); CCH (13); CCCI (5) 590
41 540 535 550 CCm (25); CCC (35); CCCm (10), 535

CCCl (7); CmCl (5)
42 374 370 370 CCCm (50); CCCl (38) 370
43 367 CCl (35); CCC (11); CCCm (8); 370

CCCl (13); CmCl (9); t—r (9)
44 325 305 CCCm (17); CCCl (15); CmCl1 (57) 305
45 288 CCCm (25); CCCl (47); t—r1 (20) 305
46 201 180 CCC (6); CCCl (41); t—r (45) 180
47 135 125 CCC (19); CCCm (10); CCC1 (11); 125

t—r (56)

In columns 3 and 4 values of Ty are given for the vibrations assigned from IR and Raman spectra. The numbers of normal vibrations of 1-
chloro-1-methylcyclopentane are in parentheses. Torsinal coordinate of methyl group was not taken into considerations at wavenumbers

calculations.

tops were determined from energy levels, calculated
using the Shroedinger’s equation for the aforemen-
tioned potential functions (Table 6).

Conformational contributions to thermodynamic
properties of gaseous 1-MeCPol were obtained as
contributions of vibration 200 cm ™', corresponding
to pseudorotation (Table 7), while taking into account
the corrections on mixing of conformers. The calcu-
lated entropy of 1-MeCPol in the gaseous state

59 (g,267.35K) =355.82JK 'mol™! is in a good
agreement  with  the  experimental  value
59 (g;267.35K) = (354.48 £ 0.90) JK "' mol™" (the
divergence is about 0.4%).

Contributions of pseudorotation to thermodynamic
functions of 1,1-CIMeCP were determined from
energy levels calculated for the foregoing potential
function (Table 6). In order that there may be an
agreement between the experimental and calculated

Table 9

Standard molar thermodynamic functions of 1-methylcyclopentanol in the ideal gas state (p® = 101325 Pa)

T AlSS Com ATHE T @

(K) (K "mol™) K "mol™") (K™ 'mol™) JK 'mol™h
100 275.41 57.10 44.97 230.44
200 325.66 91.75 59.71 265.95
298.15 369.36 130.89 76.52 292.85
300 370.18 131.68 76.86 293.32
400 413.89 173.87 95.88 318.00
500 456.83 211.39 115.33 341.50
600 498.24 242.81 134.04 364.19
700 537.69 269.00 151.51 386.19
800 575.09 291.06 167.61 407.48
900 610.49 309.85 182.40 428.09

1000 643.99 325.92 195.97 448.02
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Table 10

Standard molar thermodynamic functions of 1,1-CIMeCP in the ideal gas state (p° = 101325 Pa)

T ATSO Com ALHO/T 2

(K) JK 'mol™ JK 'mol™h UK 'mol™) (JK 'mol™)
100 263.81 56.94 42.58 221.23
200 314.90 94.99 59.24 255.66
298.15 359.94 133.48 77.30 282.65
300 360.77 134.22 77.64 283.13
400 404.79 173.16 96.71 308.07
500 447.22 207.55 115.54 331.69
600 487.69 236.33 133.34 354.35
700 525.97 260.29 149.82 376.16
800 562.08 280.42 164.92 397.16
900 596.12 297.47 178.73 417.40

1000 628.24 312.00 191.35 436.89

entropies of gaseous 1,1-CIMeCP at 251.31 K, the
pseudorational moment of inertia 15.24x 107%* g cm?
was accepted. This value is in good accord with the
pseudorotational moments of inertia adopted for
cyclopentanol (15.3x107* g cm? [11) and chlorocy-
clopentane (19.3x 1074 g cm? [2]). Thermodynamic
properties of 1-MeCPol and 1,1-CIMeCP in the ideal
gas state between 100 and 1000 K are given in
Tables 9 and 10, respectively.

5. Molecular rotation in the plastic crystal
state of 1,1-CIMeCP

As it was reported in our recent paper [3], 1,1-
CIMeCP forms plastic crystals between 178.82 and
189.05 K. According to conventional knowledge
[18,19], the transition of organic compounds into
the plastic crystal state can be caused by the removal
of prohibitions of internal rotation in molecules and a
general rotation of molecules in nodes of crystal
lattice. Contributions of ring inversion and methyl
tops rotation to the entropy of 1,1-CIMeCP (the ideal
gas state, isolated molecules) at 178.82 K were cal-
culated by the statistical thermodynamics methods,
and these are, respectively: 3.82 and
15.82J K~ ' mol~'. Hence, it is necessary to admit
a possibility of general rotation of 1,1-CIMeCP
molecules in the plastic crystal state because the
sum of these two contributions is essentially lower
than the entropy of solid-to-solid transition
AT1S®(178.82K) = 31.89JK~'mol~'  [3]. This

molecular rotation should be very hindered because
the contribution of free rotation of molecules to
entropy at 178.82K is S, = 110.64JK~! mol~!
and this contribution significantly exceeds the value
ASLS? for 1,1-CIMeCP.
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