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ABSTRACT: Two conformers of cyclohexanol and the cyclohexanol-water adduct have been
characterized in a jet expansion using rotational spectroscopy. In the gas phase cyclohexanol
adopts an equatorial position for the hydroxyl group, with the two conformers differing in the
orientation of the hydroxylic hydrogen, either gauche or trans with respect to the aliphatic
hydrogen at C(1). The transitions of the gauche conformer are split into two component lines
due to the tunneling effect of the O-H internal rotation, which connects two equivalent gauche
minima. The tunneling splitting in the vibrational ground state has been determined to be AEo-+o-
=52(2) GHz. From this splitting the inversion barriers connecting the two equivalent gauche
conformers has been determined using a flexible model to be B= 376.6 cm™!. A single isomer
is detected for the cyclohexanol-water dimer, in which the water molecule acts as proton donor
to the ring oxygen. The presence of torsional tunneling in the adduct suggests a concerted large-
amplitude-motion in which the internal rotation in the ring is accompanied by a torsion of the
water molecule, to produce an equivalent enantiomer. The torsional tunneling in the adduct is
reduced to AEo+o. =32.7(4) GHz resulting in a barrier B> = 494 cm™! as pointed out by using the

flexible model.



Introduction

Alcohols, R-OH, are characterized by three energy minima upon a 360° internal
rotation of the hydroxyl group. Depending on the symmetry of the R group, these three minima
can be: (i) energetically equivalent to each other; (i7) two of them equivalent, but different from
the third one; (iii) all of them with different energy values. In the last two cases a
conformational equilibrium is obtained, while in the first cases tunneling and mixing of
wavefunctions make the pattern of rotational levels very difficult to be interpreted. Further

conformational species can appear when R has a high flexibility.

Rotational spectroscopy is a technique especially suitable to investigate conformational
equilibria and to unveil tunneling effects in case of equivalent minima, which can also be

analyzed to the formation of intermolecular clusters, in particular hydrates.

In methanol and fert-butanol the C3 symmetry of R allows only one conformer to exist,
but their rotational spectra have been found extremely difficult to analyze because of multiple
tunneling effects.!> Conversely, in ethanol and iso-propanol the Cs symmetry of R leads to the
detection of the rotational spectra of the trans and gauche conformers, with a tunneling motion
connecting the two equivalent gauche forms.>* The R chain in n-propyl alcohol is flexible and
it can adopt either a trans (with Cs symmetry) or a gauche shape (with C; symmetry). As in
ethyl alcohol, trans generates, upon rotation of the hydroxyl group, a trans-trans and a trans-
gauche (tunnelling) species (labelled 7t and 7g). Gauche generates, upon rotation of the
hydroxyl group, three distinguished non-tunneling conformers, Gt, Gg, Gg . All together, five
conformers were assigned in the microwave spectrum.’ For the larger n-pentan-2-ol and n-

hexan-2-ol rotational spectroscopy has detected 5 and 14 conformers, respectively.®

Concerning cyclic alcohols, the rotational spectra of gauche-cyclopropanol’ and of the

equatorial-trans form of cyclobutanol® have been observed. The rotational spectrum of



cyclopentanol is not reported. Finally, four conformers were assigned for 1-
methylcyclohexanol,” denoted Eg, Et, Ag, At (E is the abbreviation of equatorial, and 4 is axial)
For cyclohexanol (CsH120) neither the monomer nor the water dimer have been reported. For
this reason, we decided to study the conformational equilibria for the bare molecule and the

hydrate using supersonic jet Fourier transform microwave spectroscopy.

Cyclohexanol (C¢H120) is an important feedstock in the polymer industry, as a
precursor to nylons and various plasticizers. It is also used as a solvent. The chair form of the
aliphatic ring is the most stable one. However, the orientation of the hydroxyl group gives rise
to four possible isomers. The hydroxyl group may be attached in the equatorial (E) or axial (4)
positions of the cyclohexyl ring. In both cases R has a Cs symmetry, and it can generate trans
and gauche (doubly degenerated) species, for a total of four conformers. James et al.!
concluded from the temperature dependence of the Raman spectra that in the ordered phases
the equatorial isomer dominates the structure of the phase. Andre et al.!! found that there is an
equal distribution of axial and equatorial forms in the glassy phase. More recently Ibberson et
al.!? found that the cyclohexanol molecules adopt only equatorial shapes in crystal, by using
high-resolution neutron diffraction of powder, synchrotron X-ray diffraction of powder and

single-crystal X-ray diffraction techniques.

Adducts of alcohols with water are also quite important systems, with interesting motifs
such as conformational equilibria, the play of donor/acceptor roles of water and alcohol, and
puzzling internal dynamics, where the internal rotation of the hydroxyl group is often combined
with the motions of water. Recent investigation these molecular systems concern the 1:1
adducts of water with fert-butyl alcohol,!® iso-propyl alcohol,'* n-propyl alcohol' and ethyl

alcohol.'6

Here we report the data for the adduct of water with a cyclic alcohol.



Experimental

Samples of CcHi20 were obtained commercially (Aldrich) and used without further

purification. The rotational spectrum has been measured in two different laboratories:

a) Bologna. A COBRA-type'” Fourier-transform microwave spectrometer'® (FTMW) was used
to cover the frequency range 6.5-18 GHz.!” Helium at a stagnation pressure of ~0.3 MPa was
passed over a container with CsH120 under room temperature and expanded through a solenoid
valve (Parker, Series 9, nozzle diameter 0.5 mm) into the Fabry-Pérot cavity. The gas-phase
expansion formed a supersonic jet, cooling the molecules in their lowest vibrational state. The
spectral line positions were determined after Fourier transformation of the time-domain signal
with 8k data points, recorded with 100 ns sample intervals. Each rotational transition appears
as doublets due to Doppler effect. The line positions are calculated as the arithmetic mean of
the frequencies of the Doppler components. The estimated accuracy of the frequency
measurements is better than 3 kHz. Lines separated by more than 7 kHz are resolvable.

b) Valladolid. The rotational spectrum has been recorded with a broadband direct-digital chirp-
pulse FTMW spectrometer covering the frequency range 2-8 GHz, which follows Pate’s
design.? In this spectrometer a 5 us chirp pulse created by an arbitrary waveform generator is
amplified to 20 W and radiated perpendicular to the propagation of the jet expansion through
a horn antenna. A molecular transient emission spanning 40 ps is then detected through a
second horn, recorded with a digital oscilloscope and Fourier-transformed to the frequency
domain. Sample preparation was similar to Bologna, with optimal conditions requiring backing
pressures of ca. 0.4 MPa and neon as carrier gas. The accuracy of the frequency measurements

1s better than 15 kHz.



Theoretical calculations

The conformational equilibrium of C¢H120 is driven by the ring puckering, which can
interconvert the axial or equatorial location of the OH group, and by the internal rotation of the
hydroxyl group, which can generate gauche and trans orientations of the hydroxylic hydrogen
with respect to the aliphatic hydrogen in C1. These two internal motions generate six energy
minima, which correspond to four different conformers, labeled as, Eg, Et, Ag, At (A, E, t and
g stand for axial, equatorial, trans and gauche). Each gauche form is doubly degenerated
because of the two equivalent orientations of hydroxyl group around C-O bond. We performed
ab initio calculations (MP2/6-311++G(d,p)*!) to determine the optimized structures, relative
energies, rotational and centrifugal distortion constants, and the electric dipole moment
components for the four conformers. Vibrational frequency analysis confirmed further that all
these conformers are stable energy minima. All theoretical data are summarized in Table 1.

For the CgHi2O-water dimer we performed an initial molecular mechanics
conformational search followed by re-optimization with ab initio and dispersion-corrected
density-functional theory. Table 2 presents the two most stable hydrated structures, with
energetic and structural predictions according to MP2/6-311++G(d,p) level of calculation. For
comparison purposes additional calculations were performed using the B3LYP-D3 method. In

both cases Eg-water and Et-water turned out to be the most stable isomers of the hydrate.

Rotational spectra

Guided by the predicted rotational constants in Table 1, a few rotational transitions for
the two equatorial £g and Et conformers were first assigned in the broadband spectrum in the
range 2-8 GHz. More .- and uc-type transitions for both conformers were then measured in

the range 6-18.5 GHz using the cavity spectrometer. As illustrated in Figure 1, all the



transitions for the Eg conformer appeared as doublets because of the hydroxyl group internal
rotation. These splittings led to the assignment of the pair of ground torsional states, denoted
0" and 0. Searches for plausible axial conformers were performed unsuccessfully. We
rationalized that collisional mechanisms in the jet produce an efficient conformational
relaxation into the global minimum, as observed empirically when the interconversion barrier
between equilibrium minima is below 2k7.??> Evidence for this argument comes from the fact
that the E#/Eg population ratio should be 0.34 according to a Boltzmann distribution, while the
Et/Eg(0") spectra intensity ratio is lower, i.e., it is just 0.1 in the transition 303 <— 202. This

implies the global minimum is more populated than expected.

All equatorial trans transitions were fitted with Watson’s semirigid-rotor Hamiltonian,
including quartic centrifugal distortion constants (I representation and S reduction).?*** For
the gauche conformer, the tunneling splittings were fitted using a two-state torsion-rotation
coupled Hamiltonian, including semirigid rotor terms for each torsional state (HE, HY),
common centrifugal distortion (H®P), the torsional energy difference AEo+o., and Coriolis
coupling terms Fp. and Fy» determined in the reduced axis system of Pickett, according to

equations

b (H§ + HEP o H > 0
H;,, HY + HP + AE+,-
where the interaction term is expressed:
Hine = Fpe (PpPc + PcPp) + Fop (PoPp + PyPy) (2)
where Po (0=a, b, c) represents angular momentum operators. The fitted spectroscopic

constants for the two equatorial species are reported in Table 3. All experimental transition

frequencies are given in Tables S1 and S2 (ESI).



The spectral measurements were extended to the monosubstituted '*C and %0 isotopic
species in natural abundance for the most abundant Eg conformer, definitively confirming the
spectral assignment. A single transition was observed for the near-symmetric 1*C(2)/'*C(6) and
3C(3)/'3C(5) positions. The rotational parameters and transition frequencies for the minor

isotopologues are in Tables S3-S8 (ESI).

Investigation of the monohydrated cyclohexanol-water dimer started with the ab initio
predictions and the broadband spectrum. The spectral signature of an asymmetric rotor was
then discovered, exhibiting torsional doublings similar to the parent species. Analysis of the
spectrum required a two-state Hamiltonian, with the same Coriolis coupling terms as in the
monomer. The assignment of water dimer was later confirmed by observation of the H,'*0
cluster using an isotopically enriched water sample, as shown in Figure 2. The spectroscopic
results for the dimer are collected in Tables 4 and S9 (ESI), while transition frequencies are

presented in Tables S10-S11 (ESI).

Molecular Structure and Potential energy function of the OH group internal rotation

Molecules exhibiting large-amplitude motions cannot be described by rigid structural
parameters but for the potential function controlling the intramolecular dynamics. In equatorial
cyclohexanol the observation of isotopic species and the torsional energy difference AEo+o-
allows determining both the heavy-atom skeleton and the hydroxyl internal rotation potential

function.

The skeleton of cyclohexanol was determined with the substitution and effective
structures. The results are presented in Tables S12 and S13, where they are also compared with

ab initio results.



The OH internal rotation potential function was calculated with the monodimensional
flexible model of Meyer,®> which allows the numerical calculation of the rotational and
vibrational wave functions and eigenvalues (and then vibrational spacings). The internal
rotation of the hydroxyl group, described by the dihedral angle HC-OH (t), was first modelled
using ab initio methods. The MP2/6-311++G(d,p) potential function of the equatorial

conformer is represented by the red line in Figure 3. This function was parametrized as
V(7)=Vo+ Vi-(1-cos7) + V2 (1+cos27) + V3:(1+cos37) (3)

The values of the four parameters Vj, i= 0-3, are shown in Table 5. There also the energy
barriers between the two gauche forms (B2) and between the trans and the gauche form (Bi-y),
as well as the energy difference between the two conformers (E-E;) are given. Guided by the
theoretical calculations, we took into account the main structural relaxation parameters

associated to the internal rotation, according to equations of the type:
Si(2) = 8% + ASi(9) (4)

For a given parameter S, S° is the value at 7= 0 while AS is its variation as a function of 7. All
these values have been obtained from the ab initio geometries at the four critical points. Six
structural relaxations have been taken into account for the model calculations. The
corresponding detailed expressions, according to eq. (4), are given in the supporting

information as Table S14 (ESI).

Meyer’s model produced a reasonable reproduction of the torsional splitting by
multiplying Eq (3) by a scale factor of 0.9 (the 7 coordinate has been considered in the 27 cyclic
range and solved into 61 mesh points). The barrier to the gauche <> gauche pathways (B2)
resulted to be 377 cm’!, which is slightly larger than that in 1-methylcyclohexanol (356 cm™,

and 320 cm™! for axial and equatorial species, respectively) but lower than the ab initio result



of 420.7 cm’!. All these data are shown in Table 6. The resulting potential energy function is

given in Figure 3 (black trace), together with the wavefunctions of the lower energy levels.

Water dimer geometry and dynamics

As expected a moderately strong O-H---O hydrogen bond will stabilize the adduct of
cyclohexanol-water. However, the ab initio calculations did not offer a priori a clear structural
prediction, as the two most stable dimer geometries (Eg-H>O and E#-H>O) in Table 2 are
practically isoenergetic (Eg.n20 — Egg-n20 = 1.1 kI mol™) using the MP2 method in combination
with the 6-311++G(d,p) basis set. Additional calculations for two more isomers obtained from
the conformational search (4,-H20 and E,>-H>0O) in Table S15 (ESI) predicted larger relative
energies. These structures were reoptimized with the dispersion-corrected B3LYP-D3 method

for comparison purposes in the same Table.

The spectrum provided definitive experimental evidence of the geometry of the cluster
and its internal dynamics. The determined rotational constants in Tables 4 and S9 (ESI)
unequivocally confirm the detection of isomer Eg-H>O, based on the most stable gauche
monomer. The water molecule acts as proton donor to the oxygen lone pair at the ring, as in
other aliphatic alcohols.!*!® Interestingly, the tunneling effects in the dimer are evidence of a
large-amplitude motion, which in principle could be related either to the internal rotation of the
OH group of cyclohexanol or to the internal rotation of water around its C> axis. Tunnelling
plittings associated to this last motion should be very small, because it would imply the
breaking and reformation of a relatively strong O-H:--O hydrogen bond with a high barrier
between the two equivalent forms. In consequence, the cluster dynamics is most probably
associated to the internal rotation of the hydroxyl group. The most reasonable scenario is a

concerted motion involving the internal rotation of the OH group of cyclohexanol combined
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with the simultaneous rearrangement of the water molecule, as observed in tert-butyl-water!?
and isopropanol-water dimers.!* The decrease in the torsional energy difference in the dimer

(AEo+0-=32.7(4) < 52(2) GHz in the monomer) is consistent with this hypothesis.

Despite only two isotopic species were detected for the cyclohexanol-water dimer we
estimated the hydrogen bond distance using an effective structure (Table S16, ESI) . The
resulting value of 1(O-Hw)=1.928(5) A is slightly larger than the ab initio prediction (1.881 A),
but within the broad range observed for this interaction in crystal structures (1.40-2.18 A).?

The substitution coordinates of the water oxygen are calculated in Table S17 (ESI). A recent

review offers information on other water clusters detected by rotational spectroscopy.?’

Meyer’s flexible model was utilized also to calculate the barrier to inversion between the two
equivalent Eg-H>O forms of the complex. The OH internal rotation should be described by a
periodic function, but in this we can reasonably assume that the tunneling effects are produced
‘locally’ in the range of the HO-CC dihedral angle (t) between ca. -120 and +120°. Then, the

following double minimum potential can be used:

() =Bz [1 - (V)] )

B> is the barrier at T = 0° and 1o is the equilibrium value of the inversion angle. Since we have
only one data point, we fixed 1o at its ab initio value (63.3°). Guided by the ab initio structural
differences between the energy minimum (T = to) and the transition state (t = 0°), we took into
account the main structural relaxations, those of the three structural parameters indicated
below, as a function of the leading parameter t, according to the following expressions (see

Fig. 4 for labelling):

H202-01C1/° = 180 — 27.9-(t/t0) (6)

H20201/° = 15.8 — 3.2+(1-cos31). (7)

11



R(02-O1)/A = 2.8485 + 0.0042-(1-cos31). (8)

The experimental splitting of 32.7 GHz is reproduced by a B barrier of 494 cm™.

Discussion and Conclusions

We presented a rotational investigation on the internal dynamics of cyclohexanol and
the adduct cyclohexanol-water. The conformational equilibria in cyclohexanol is displaced
towards the two gauche and trans equatorial forms E, and E;. This observation contrasts with
the case of 1-methylcyclohexanol,’ where we succeeded in observing also the axial conformers.
This fact suggests that the presence of a methyl group adjacent to the OH group decreases the
energy differences between the axial and equatorial forms. The detection of tunneling
doublings was instrumental for the evaluation of the potential function for the internal rotation
of the hydroxyl group. The comparison of the B> potential energy barriers hindering the motion
between the equivalent £, forms is also interesting. The ab initio values are B> =420 and 410
cm’! for cyclohexanol and 1-methylcyclohexanol,’ respectively. However, the experimental
data suggest B> quite larger in cyclohexanol (377 cm™) than in 1-methylcyclohexanol (320 cm
1. How to justify that? It can be argued that the presence of a methyl group in the carbon atom
to which the hydroxyl is attached lowers the barrier to internal rotation of OH group in the
section connecting the two gauche forms. By comparing the tunnelling splitting with the values
in the case of other five alcohols, we found that the order of torsional energy differences AEo-o-
is as: Cyclopropanol < Isopropanol < Cyclohexanol < n-Propanol < Ethanol < 1-
Methycyclohexanol (see Table 8). All of the alcohols have both trans and gauche conformers.
For the first three alcohols the hydrogen atom is adjacent to the OH group, whereas for the

latter alcohols an alkyl group is replacing the H atom.
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Figure 1. A typical rotational transition (303 < 202) of cyclohexanol recorded with the cavity
spectrometer, showing two torsional tunneling components (07/0") for the equatorial gauche
conformer (Eg) but a single component for the trans species (E£7). Each transition is additionally

doubled by the Doppler effect.
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Figure 2. A section of the spectrum of cyclohexanol---H2'®0O and cyclohexanol---H,'*0
recorded with the broadband spectrometer, showing the isotopic shift caused by '80-water. The

torsional splitting is observed only for the most intense 202<—10,1 transition.
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Figure 3. 4b initio (red trace) and experimental (black trace) potential energy curves as a
function of dihedral angle HC-OH (cm™ vs degrees) when the OH group rotates around CO
bond in the equatorial conformers. The wavefunctions of the lower states are also drawn on

the right.
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Table 1 Molecular structures, relative energies and spectroscopic predictions for the four

conformers of cyclohexanol (MP2/6-311++G(d,p)).

Eg Et
A,B,C/MHz 4309.1, 2238.5, 1617.8 4304.5,2218.0, 1613.4
Uasht,tic/D 0.5,1.5,1.0 1.4,0.0,1.4
A(E+ZPE)/ kJ mol”! 0.00 0.96
AG/ kJ mol’! 0.00 0.82
Ag At
A,B,C/MHz 3556.0, 2671.7,2006.3 3581.4,2612.8,1972.8
Uaskt,tic/D 0.5,1.5,0.2 1.2,0,1.6
A(E+ZPE) / k] mol’! 1.78 5.73
AG / k] mol™! 1.97 5.57
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Table 2 Molecular structures, relative energies and spectroscopic predictions of the most

stable isomers of cyclohexanol-water (MP2/6-311++G(d,p)).

Eg - H20 Et - H:0

A,B,C/MHz 2553.7,1166.6, 1139.8 3183.0,1071.1, 889.1
Laftosfic/D 1.8, 0.6, 0.9 1.4,0.9,1.9
A(E+ZPE) / kJ mol” 0.0 1.1

AG / kJ mol™! 0.1 0.0

AEg / kJ mol! -22.9 -23.3
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Table 3 Experimental spectroscopic parameters of the two equatorial conformers of

cyclohexanol.
Cyclohexanol
Eg Et
0" 0
A/MHz 4295.7884(8)* 4293.3876(7)  4288.1884(5)
B/MHz 2231.4842(4) 2231.7890(5) 2215.7086(6)
C/MHz 1612.4343(5)  1612.4672(5) 1609.2335(5)
Dy/kHz 0.116(9) 0.120(12)
Dix/kHz 0.25(3) 0.312(38)
Dx/kHz 0.52(9)
di/kHz -0.029(6) -0.0422(94)
d>/kHz -0.006(5) -0.0171(55)
AEo+0./GHz 52(2)
Fa/MHz 11.16(2)
Fyo. /IMHz 4.57(7)
o°/kHz 1.75 2.7
N° 53 27

%Errors in parenthesis are expressed in units of the last digit. ®Standard
deviation of the fit. “Number of fitted transitions.

19



Table 4 Experimental spectroscopic parameters of the observed conformer, Eq-cyclohexanol-

water.

Cyclohexanol - H20
0" 0
A/MHz  2555.2943(21)d 2556.2312(50)

B/MHz 1130.35883(48) 1129.94502(59)
C/MHz 1113.24155(43) 1112.60936(75)

Dy/kHz -1.3293(57)
Dyx/kHz 2.75(13)
Dx/kHz -6.87(24)
d\/Hz 0.1375(26)
d>/Hz 0.0449(42)
AEo+0-/GHz 32.7(4)
Fa/MHz 15.4(2)
Fyv. /MHz 5.76(5)
o°/kHz 7.2
N° 74

Errors in parenthesis are expressed in units of the
last digit. ®Standard deviation of the fit. “Number of
fitted transitions.

20



Table 5 MP2/6-311++G(d,p) values of the V; coefficients in Eq. (3) for the internal rotation
potential function. The energy values at the critical points, relative to the gauche energy

minimum, are also given.

Volem  Vi/em™  Vo/em?  Vi/em!  Byem!  E-Egem”  Bie/em’

-32.44 54.0 4.0 222.6 420.7 83.5 496.5
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Table 6 Results of the flexible model calculations for equatorial cyclohexanol.

Tunneling splittings

Obs. Calc.
AEy+o-/ GHz 522 522
Parameters:
Scale factor f'(fitted) 0.895
Barrier B> (extrapolated) /cm™! 377
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Table 7. Comparison of the cis-inversion tunnelling splitting energies AEo+o- of alcohols.

Species AEo+o-/ GHz
Cyclopropanol 4.12
Isopropanol 46.8°
Cyclohexanol 52.2¢
n-Propanol 914
Ethanol 96.7¢

1-Methylcyclohexanol  102.5/103¢

aRef. 7. *Ref. 4. °This work. ‘Ref. 5. °Ref. 3.
The values are for axial and equatorial
forms, respectively. ¢Ref. 9.
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