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ABSTRACT

Microsolvation of the carbamate moiety delivers precise information on complexation effects on the N-C=0 backbone and is of relevance to the peptide
bond functionality. In this context, the mono-, di- and trihydrated complexes of methyl carbamate have been studied in a molecular expansion by high-
resolution microwave spectroscopy, using chirped-pulse and Fabry-Perot resonator FTMW instruments covering the frequency range from 2 to 18 GHz.
From the rotational constants of the parent and the 0y substituted monoisotopologues, accurate values have been derived for the geometries of the
hydrogen bond interactions. The nuclear quadrupole coupling constant x.c of the nitrogen nucleus provides a direct measure of complexation changes
and decreases with the degree of hydration, whereas the hindered internal rotation barrier increases slightly on microsolvation. Both tendencies could
have a common origin in the rm-cooperative inductive effects as the microsolvation series progresses. All transitions are split by the internal rotation of

the methyl top, and the nuclear quadrupole coupling, and in the largest cluster they are additionally split by an inversion motion.

Introduction

The carbamate moiety (-NCO>-) is commonly found in biologically
active molecules with pharmacological®? and industrial?
applications, especially in polyurethane polymer production.* A
carbamate can be considered as an ester-derivative of an amide
and shares the main structural moiety with the peptide bond, the
N-C=0 group. The peptide bond is responsible for protein
formation and plays a crucial role in protein structures, as it is
the link between two amino acids.> Studying the effects of
microhydration at different degrees of hydration of the peptide
bond is of great interest for a better knowledge of the associated
biological processes, and the role that water plays in them.511
Water is a double hydrogen bond donor/acceptor with the ability
to form strong interactions with the peptide linkage.
Microsolvated clusters of increasing complexity can provide
valuable information on the way water clusters associate with
biomolecules by forming chains or sequential cycles. Carbamates
featuring the N-C=0 backbone, represent appropriate models to
study the peptide bond functionality and its microsolvation
behavior. Such complexes can be formed in a supersonic
expansion and characterized by high-resolution spectroscopy.

Methyl carbamate (C,HsNO,, mcb) is the simplest representative
of this family of compounds and, in addition to its importance in
the biological environment, it is believed to be present in the
interstellar medium as a precursor of biological molecules. In
order to provide an extensive basis for its radio astronomy
detection, it was thoroughly studied in the gas phase using IR12
and microwave spectroscopy in both the ground315 and the
lowest vibrationally excited state.’® Methyl carbamate can exist
in two configurations, syn or anti based on the orientation of the
methyl group relative to the carbonyl oxygen (Figure 1). Only the
syn configuration has so far been reported experimentally, as the

anti-form is significantly higher in energy according to previous
studies.12-16
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Figure 1. Schematic representation of the syn and anti configurations for methyl
carbamate (mcb).

The microsolvation of the carbamate group in methyl carbamate
can provide relevant information about the hydration of a polar
substituted peptide linkage in the first steps of solvation. The
study of complexes between mcb and water complements
previous results of amide-type microsolvated molecules, as
formamide,581° formanilide,!* and other members of the
carbamate family; such as ethyl carbamate,’” and butyl
carbamate.’® In this work, we used molecular beam Fourier
transform microwave spectroscopy to investigate the complexes
of mcb with up to three molecules of water, generated in a
supersonic expansion. We investigated the effect of water on the
mcb molecular properties, as reflected in changes of the nuclear
quadrupole coupling constants (NQCCs) of the 14N nucleus and
the internal rotation barrier of the methyl top. Such information
is available since the complexes with one or two molecules of
water show fine and hyperfine structure on the spectra (Figure 2
a), and b)), arising from the internal rotation of the O-CHj; top,
and the presence of the 14N nucleus, respectively. The complex
with three molecules of water, presents a further splitting due to
an inversion motion (Figure 2 c)), similar to that observed for
other trihydrated complexes.10.17



a) 305 <202 b)

A

Ef 3 A Ad-E-0.1805 MH

50 - ) - . 10

Intensity /mV
Intensity /mV

E 3 A 44-E=0.050 MHz

{ %

303 < 202 )

6544 553
14-E~ 0.1447 MHz
10-1 = 0.0169 MHz
d N
8

7«6

Intensity /mV

0.0

T
9356.25
v IMHz

0 2 T
9355.75 9356.7 5750.72

v/MHz

T T
78014 7801.6

v /IMHz

M i
5751.04 7801.0 7801.2

Figure 2. The 33 <2 rotational transition for a) syn-mcb-w-a and b) syn-mcb-w,-a complexes illustrating the origin of the splitting structures. First, each transition is split by
internal rotation into two components, A (blue) and E (red). Each component further splits due to the nuclear quadrupole coupling (F* <— F” transitions). c) For the syn-mcb-ws-a
complex the 6,4 <— 5,3 transition is depicted, showing the additional splitting due to the inversion motion into 0 A (blue), 0 E (red), 1 A (purple) and 1 E (orange) states. Each

transition appears as a doublet because of the instrumental Doppler effect.

Experimental and theoretical methods

Methyl carbamate is a white crystalline solid with melting point
of ca. 57 °C. It was purchased and used without further
purification. The sample was heated to approximately 90 °C in a
stainless steel heated pulsed nozzle and mixed with argon or
neon as carrier gases. A receptacle containing water was placed
in the gas line before the nozzle to provide enough water vapor
in the gas phase. It should be noted that mcb is hygroscopic,
raising the possibility that water molecules for the complexation
could already be present as crystallization water in the sample. A
supersonic expansion pulse of 900 us length was generated by
passing the sample mixture, at a backing pressure between 2-3
bar, through the small diameter nozzle (1 mm) into the high-
vacuum cavity. This provided the appropriate environment for
the generation of complexes and their subsequent study. The
microwave spectrum of mcb was initially recorded at frequencies
from 2 to 8 GHz using the chirped-pulse Fourier transform
spectrometer (CP-FTMW)12.20 at the University of Valladolid. The
spectrometer features a resolution of better than 25 kHz, and
the uncertainty in frequency determination is better than 15 kHz.
The spectrum was recorded using a sample polarization chirped
pulse of ca. 4 us. The Free Induction Decay molecular emission
signal was recorded in the time domain for 40 us and converted
into the frequency domain by the application of a fast Fourier
transformation. Refined measurements in the 5-12 GHz and in
the 8-18 GHz regions were carried out in two Fourier transform
microwave spectrometers (FTMW) based on the Balle-Flygare
cavity design, one at the University of Valladolid?! and the other
at the Institute of Physics in Warsaw?223 respectively. In these
instruments, a narrow band of approximately 2 MHz can be
recorded in a single step, with transition frequency measurement
accuracy better than 3 kHz, allowing for full resolution of the
hyperfine structure due to the nuclear quadrupole coupling and
the fine structure due to large amplitude motions.

The spectral signal-to-noise ratio was not sufficient for the
observation of natural abundance isotopologues. A mixture of
H,0 and isotopically enriched H,80 (99%) in proportion of 3:1
was used in order to record the rotational spectra of the 180,
monoisotopically  substituted complexes. The rotational
constants for the isotopologues were obtained by measuring
selected transitions. Complete line lists of observed frequencies

for all of the observed species are collected in the supplementary
information.

Prior to experiments, quantum chemical calculations were
performed using Gaussian 09%* so as to identify the preferred
interaction sites between mcb and water. Different structures
were tested for the microsolvated complexes with up to three
water molecules, with starting points based on previously
reported similar complexes.®818 The conformational search for
the trihydrate was completed using the conformer-rotamer
ensemble sampling tool (CREST).Z> The considered geometries
were optimized with DFT by using the B3LYP26 functional
combined with Pople’s basis set 6-311++G(d,p)?’ and including
vibrational harmonic terms. Grimme’s dispersion correction
(D3)2® was implemented in order to improve the predictions
performed by the B3LYP functional, due to its poor description of
dispersion forces contributing in cases of long-range interaction
such as hydrogen bonds.?® These were later optimized using
B3LYP-D3BJ/6-311++G(2d,p)3° including the Becke-Johnson
damping function.3? Additional calculations using the MP2
method3? combined with the 6-311++G(d,p) basis set were
performed so as to compare the values of the internal rotation
barrier height and the NQCCs. The computed rotational
constants, dipole moment components, and NQCCs, were used
for predicting the microwave spectra for the complexes. The
theoretical internal rotation barrier values and calculated
internal rotation parameters were also used in prediction of the
anticipated experimental splittings in the transitions.

Different aspects of the hydrogen bond interactions and
cooperativity effects were also investigated through Natural
Bond Orbital (NBO) computations.33

Results and discussion

Conformational search

For the mcb--(H;0); complex three different water interaction
sites were considered, in analogy to those observed
experimentally for formamide.® Such complexes could also be
formed with both syn and anti mcb. The optimized geometries
for the six possible conformations are presented in Figure S1 in
the supplementary material. For the disposition of the water
molecules in the mcb--(H,0), complex, the same arrangement



was considered for both syn and anti mcb. The structures of the
complexes were drawn on the basis of the observed structures
for similar complexes in formamide, and ethyl carbamate.817
Their geometries and energies are shown in Figure S2. Similarly,
for mcb--(H,0)s, the configuration previously seen in related
complexes was considered for both the syn and anti mcb
forms.10.17 Additional configurations with different orientations
for the non-bonded hydrogen atoms in water were included. We
extended the conformational search using the CREST tool. The
most stable forms for the complex are depicted in Figure S3. In
all cases, the complexes with syn mcb are much lower in energy
than the anti-configuration, in similarity to the mcb monomer.
The theoretical parameters for the most relevant structures
considered in this work are collected in Tables $1-S3.

Syn-methyl carbamate---(H20)1.3 complexes

First identifications of the species present in the supersonic
expansion were made from the CP-FTMW spectrum. The rich fine
and hyperfine structures were characterized in more detail by
recording each transition using the Balle-Flygare spectrometers.

Only a few transitions from the monomer can be found in the 2 —
8 GHz region. After excluding the known lines, several intense
lines remained, which were assigned to the lowest energy syn-
methyl carbamate::-(H,0) complex (syn-mcb-w-a) on the basis of
the good agreement with the spectrum predicted for this species
(Table 1). The predicted higher energy conformers for the
monohydrated complex have not been identified. As expected,
each rotational transition of the syn-mcb-w-a cluster appeared as
a doublet of equal intensity caused by the interaction of the
internal rotation of the methyl group with the overall rotation
giving rise to A and E internal rotation substates. Each transition
is further split due to nuclear quadrupole coupling arising from
the presence of a N nucleus in methyl carbamate with the
nuclear spin / = 1 (Figure 2 a)). Notably, no further splittings due
to tunneling motions in the water molecule were observed. A
subsequent set of lines with recognizable a-type patterns and net
intensity about 10 times smaller than mcb-:(H,0); was assigned
to the syn-methyl carbamate:::(H,0), complex (syn-mcb-w,-a,
Table 1).

Table 1. Observed and theoretical (B3LYP-D3BJ/6-311++G(2d,p)) parameters for the syn-mcb--:(H20)1.3 complexes using XIAM.

syn-mcb-w-a syn-mcb-w.-a syn-mcb-ws-a
Parameter?® Experimental Theoretical Experimental Theoretical Experimental 0 Experimental 1 Theoretical
A /MHz 8056.7763(10)° 8072 3819.222(15) 3924 2304.127(16) 2304.384(16) 2331
B /MHz 1707.32152(36) 1728 1083.85140(39) 1098 703.15584(77) 703.16483(76) 722
C /MHz 1423.80887(32) 1442 851.82561(25) 866 552.60742(62) 552.60508(62) 563
A; [kHz 0.4860(55) 0.415 0.1700(21) 0.141 0.2229(26) 0.2253(26) 0.175
A [kHz 0.785(45) 0.0731 1.086(51) 0.707 -2.089(69) -1.772(70) -0.736
Ax /kHz [0]¢ 21.5 [0] 4.37 [0] [0] 6.23
81 /kHz 0.1022(53) 0.0745 0.0409(17) 0.0331 0.0518(30) 0.0589(30) 0.0355
o [kHz (0] 1.39 [l 0.755 [0] (] 0.437
Pa JuA? 294.114181(51) 290.2 463.62244(29) 457.7 706.9643(10) 706.9739(10) 690.6
Py /uA? 60.834447(51) 60.28 129.66684(29) 126.0 207.5710(10) 207.5653(10) 207.2
P JuA? 1.892751(51) 2.32 2.65828(29) 2.767 11.7654(10) 11.7467(10) 9.530
N g0 /MHz 1.6233(29) 1.74 1.3466(40) 1.40 1.157(63) 1.201(64) 1.16
1N ypo /MHz 2.3948(36) 2.65 2.4335(73) 2.74 2.295(55) 2.320(57) 2.45
N yee /MHz -4.0181(75) -4.39 -3.780(16) -4.14 -3.45(11) -3.52(11) -3.61
-(Up): - 0.38 - 0.36 - - 0.28
V3 /em? 373.574(88) 255 385.80(32) 269 404.5(13) 405.6(13) 273
F /GHz {163.25}¢ 161.9 {160.74} 159.87 {159.94} {159.97} 159.0
Fo/GHz {158.32} 157.6 {158.32} 157.69 {158.32} {158.32} 157.7
lo / uA2 {3.192} 3.149 {3.192} 3.205 {3.192} {3.192} 3.205
p {0.036} 0.0328 {0.017} 0.016 {0.011} {0.011} 0.009
S /deg 12.360(21) 15.21 16.67(11) 19.96 15.17(50) 14.53(51) 24.26
| tta| /D Yes 1.41 Yes 1.47 Yes Yes 1.51
| 4] /D Yes 1.03 No 0.61 No No 0.02
| 1] /D No 0.85 No 0.16 No No 0.51
N 197/28 - 170/28 - 116/40 119/40 -
o /kHz 6.9 - 5.8 - 9.6 9.9 -

3 A, B, and C are the rotational constants. 4, Ak, 4k, ), and & are the quartic centrifugal distortion constants. P, (a = a, b, or ¢) are the planar moments of inertia, these are

derived from the moments of inertia /. as for example P, =

(la+1o-1c)/2. Yaar b, and .. are quadrupole coupling tensor diagonal elements for the N atom. -(U,), is the

unbalanced p orbital occupancy (-(Uy), = -[(nx*+n,)/2-n,], with n being the electron occupancy calculated from NBO analysis). Vs is the internal rotation barrier for the methyl top.

F is the reduced internal rotation constant, and Fy is directly related to the inverse moment of inertia of the methyl top, /,. p is the dimensionless module of the vector p

essential to describe the coupling of internal and overall rotation. fFis the angle between the principal inertial axis, a, and p. . (o = a, b, or ¢) are the electric dipole moment

components, Yes or No indicate if a-, b-, or c-type transitions have been observed. N is the number of quadrupole hyperfine components/rotational transitions fitted. ois the
rms deviation of the fit. ® Standard errors in parentheses in units of the last digit. ¢ Square brackets denote parameters fixed to 0 in the fit. ¢ Curly brackets denote values derived

from fand /q.



As in the monohydrated species, the lines for syn-mcb-w»-a also
present the splittings due to the internal rotation of the methyl
top along with those from the nuclear quadrupole coupling
(Figure 2 b)). Finally, another set of weaker lines was observed
which could be assigned to a complex between mcb and three
molecules of water (syn-mcb-ws-a). Under the high-resolution
conditions of the Balle-Flygare spectrometers, the lines exhibited
a complex splitting structure due to internal rotation, quadrupole
coupling and an additional vibrational doubling (Figure 2 c)). The
analysis of these spectra was carried out as consisting of
transitions in two distinct vibrational states. However, due to the
small vibrational splitting, no interacting parameters could be
fitted. The sets of experimental parameters are collected in Table
1. The excellent agreement between the experimental and
theoretical rotational parameters leads us to conclude that the
predicted geometries provide reasonable descriptions of the
cluster structures.

For the syn-mcb-w-a cluster, several a-type and b-type
transitions with J < 5 and K, < 2 have been observed. Despite the
fact that the u. dipole moment component is predicted to be of
similar magnitude to u, (Table 1), no c-type transitions have been
detected. This is consistent with anticipated flipping (torsional)
motion of water around the O-H:-O bond switching the non-
bonded water hydrogen atom from above to below the heavy
atom mcb plane. A shallow double minimum potential function
with a small barrier at the planar arrangement and the ground
vibrational state close to the barrier or above it would lead to an
effective zero value of uc. In a first approximation, the spectrum
was fitted using Pickett’s SPFIT program,3* which requires that
the A and E states are analyzed independently. The A state can
be fitted using a standard semirigid, asymmetric rotor
Hamiltonian with centrifugal distortion terms using Watson’'s A
reduction3 in the I representation, augmented with nuclear
quadrupole coupling terms.3 It is also possible to use the SPFIT
program to fit the E state transitions. The Hamiltonian is set up
with the same terms as those used to analyze the A state but
adding the parameters, D,, Dy, and/or D, which account for the
effects of interaction between overall and internal rotation.37.38 A
similar procedure was followed for the syn-mcb-w,-a complex,
initially fitting the A and E states independently using SPFIT. For
this species, only a-type transitions, with J up to nine have been
detected, in good agreement with the predicted values for the
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dipole moment components (Table 1). For the largest cluster,
syn-mcb-ws-a, the assignment and analysis of the spectrum was
complicated by a small doubling only resolvable using the
superior resolution of the Balle-Flygare instruments. This
additional splitting was attributed to an inversion motion
between two equivalent geometries. Similar doublets were
observed in the related clusters between three molecules of
water and formamide or ethyl carbamate.’%7 In the
formamide--(H20); (f-ws) complex a two state Hamiltonian fit
including Coriolis terms was possible, resulting in the
determination of the energy difference between the two
vibrational states, which were labelled as 0 and 1.1° However, in
the case of syn-mcb-ws-a the observed lines do not show net
non-rigid effects from Coriolis coupling interactions that allow
determination of the energy difference between the states.
Nevertheless, a two state Hamiltonian was considered for the
pair of 0 and 1 levels for the A and E torsional substates and
constructed with the SPFIT program for the syn-mcb-ws-a
complex. This allows keeping the values of some parameters,
such as the centrifugal distortion or quadrupole coupling
constants fixed at the same values for the 0 and 1 states reducing
the number of necessary determinable parameters. The
rotational parameters determined with SPFIT for the three
complexes are collected in Tables S4-S8.

An estimate of the barrier height for the internal rotation
motion, V3 could, in principle, be determined from the values of
the D, parameter obtained for the E states of all the species.38
However, in order to determine Vs directly we analyzed the A
and E states for each species simultaneously by using the XIAM
program.3 Initial values of the methyl top inertial moment /o, the
reduced rotational constant F, and the geometrical parameters
describing the orientation of the methyl top were calculated
from the available structures. The value of the internal rotation
barrier Vs, the dimensionless internal rotation vector rho (p), and
the angle beta (f), between p and the principal inertial axis a, are
the key parameters in the fit.3%40 In fact the fits required a
preliminary calibration step in order to determine which
parameters could be reliably fitted. This was possible on the
basis of mcb-w-a, which is the only one of the three studied
clusters with both a- and b-type rotational transitions. In this
case, the key internal rotation parameters Vi, p, f and lu
(equivalent to its inverse Fo) could all be fitted independently.
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Figure 3. The series of microsolvated clusters of mcb with one, two, or three molecules of water. For the mono and dihydrated complexes, the hydrogen bond parameters
determined using the ro method are given and compared with the r, (B3LYP-D3BJ/6-311++G(2d,p)) structure values.



This result is listed in Table S4 and revealed that the fitted methyl
top moment Iy = 3.1921(74) uA? is practically identical with the
computed value of 3.207 uA2 Furthermore, computations
demonstrated invariance of /o with cluster size. For this reason, it
was possible to assume the calibrated value of /o in fits for all
clusters. The stratagem allowed for a pre-calculation of the
parameter p within XIAM and thus unambiguous determination
of V3 and g for all three hydrated clusters, carried out at the
same level of assumptions. Together with the mentioned
parameters, rotational and centrifugal distortion constants as
well as NQCCs were determined in the fits, as reported in Table
1. Although XIAM allows for the fit of several vibrational states,
we decided to make the fits for the 0 and 1 states separately for
syn-mcb-ws-a, since both states were treated as independent
also in the SPFIT fit. The results are collected in Tables 1 and S4-
S8. A summary of the results obtained for the parent species are
given in Table 1. For the 180, isotopologues for syn-mcb-w-a and
syn-mcb-w,-a we achieved good quality fits using both XIAM and
SPFIT (Tables S5 and S7).

The good agreement between the predicted and the determined
parameters suggests that the structures for the syn-mcb-w-a,
syn-mcb-ws5-a, and syn-mcb-ws-a clusters are well reproduced by
the theoretical calculations. Water closes 6-, 8-, and 10-
membered sequential cycles by C;=0;1:-Hy—Ow, and Oy--H;—N
hydrogen bonds, respectively (Figure 3). This network is basically
identical to the interactions established in similar molecules for
1:1, 1:2 and 1:3 complexes with water.681117 Useful information
on the clustered water units is provided by the planar inertial
moment P., which describes quantitatively the distribution of
atomic masses about the ab inertial plane. In the smaller
clusters, water locates almost in the mcb plane, as reflected by
only a small increase in P. from the monomer (1.623677(19)
uA2)13 to the monohydrated (1.892751(51) uA?) and dihydrated
cluster (2.65828(29) uA2). The P, values in the 180, isotopologues
(1.89470(11) uA? for syn-mcb-w-a, 2.65489(61) uA? and
2.6613(11) uA? for syn-mcb-w;,-a; Tables $5-S7) further support
the near planarity of the heavy atoms in these complexes. For
the largest observed cluster, syn-mcb-ws-a, there is an increase
in the P value to 11.7654(10) uA?, arising from the non-planar
arrangement of the water moieties. The P. values for the mcb
monomer and its three hydrated complexes are between those
for corresponding species involving formamide, with no methyl
top, and ethyl carbamate, with an ethyl chain (Table S9). Since
vibrational motions together with the out-of-plane hydrogen
atoms of the alkyl and water contribute to the planar moments,
it is reasonable that the P. values of mcb are intermediate
between those of formamide and ethyl carbamate (Table S9).

Experimental insight into the molecular structure is possible by a
least squares fit of some selected structural parameters to the
rotational constants for all the available isotopologues.*! This
structure reproduces the rotational constants in the ground
vibrational state,*2 and is commonly known as the ry structure.
The results obtained by this procedure for syn-mcb-w-a, and syn-
mcb-w,-a are shown in Figure 3, and Tables S10-S11, where they
are compared with the predicted re structure. The coordinates
for the 180 atom in the mono substituted isotopologues can be
obtained using Kraitchman equations,*? with uncertainty in the
determination estimated according to the Costain rule.** The
Kraitchman equations give absolute values for the coordinates;
therefore, the sign was assigned by comparison with ro and re
structure coordinates. The rs values are compared with the rp and

re structure parameters in Table S12 for syn-mcb-w-a and in
Table S13 for syn-mcb-w,-a, demonstrating excellent agreement
between the three methods.

Nuclear quadrupole coupling and rt-cooperative effects
Resonance Assisted Hydrogen Bonding (RAHB)#46 or -
cooperative effects were found to occur in crystal studies of
small amides.*’ In the gas phase those effects have also been
evidenced recently in the microsolvated complexes of
formamide®® and ethyl carbamate.l” The main effect of
cooperativity is an elongation of the C=0 and a shortening of the
C-N bond with increasing cluster size. If the heavy atom
isotopologues are observed, as has been the case of
formamide,>1® the RAHB effects can be experimentally
determined. If no isotopologues are observed, as for ethyl
carbamate,” or the present case of mcb, then the theoretical
bond distances could be used as an approximation (Figure 4).
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illustrating the RAHB effects.
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It has also been demonstrated that NQCCs can be used to
identify RAHB or other resonance effects.%1048 The NQCCs are
highly sensitive to small changes in the electronic environment of
the coupling nucleus, and can be used as a probe to highlight the
subtle resonance effects. In principle, it would be necessary to
determine the complete nuclear quadrupole coupling tensor.
However, in near planar systems, useful information can be
extracted even solely from the diagonal elements. For planar or
almost planar systems, the c¢ inertial axis is practically
perpendicular to the molecular plane, and can be identified with
the z axis in the quadrupolar axis system. Thus, the nuclear
quadrupole coupling constant perpendicular to the plane in the
inertial axis system (x.c) can be approximated to the constant in
the quadrupolar axis system (x;), which is directly related to the
electronic population and the electric field gradient.®3648

XNzz = _[(nx + le)/z - le] eQq210
The —[(nx + ny)/2 —nz] term, is usually abbreviated as -(Uy),
and illustrates the unbalanced electronic charge of the 2p,
orbital, which can be obtained from NBO computations.*® The
eQqn10 quantity denotes the hypothetical coupling of a single
electron in a p orbital in an isolated atom, and for 14N it has been
calculated as -10.86(11) MHz.48

The small P. values for the two smaller complexes of mcb
highlight their near planarity and validate the use of this
approximation. The P. value for the syn-mcb-ws-a complex shows
that it is less planar than the smaller clusters. A similar situation
was observed for f-ws31® and ecb-ws,17 and the good correlation
observed indicates that the approximation is still valid for such
clusters, since the N-C=0 segment still remains close to the ab
inertial plane. Table 1 presents the values of x. and -(Up), for the
series of microsolvated complexes of mcb reported in this work.
The complete theoretical quadrupole coupling tensor at B3LYP-
D3BJ/6-311++G(2d,p) and MP2/6-311++G(d,p) levels of theory,
the diagonalized tensor, the experimental constants and the
calculated -(Up), values are collected in Table S14 in the
supplementary material. The experimental xcc versus -(Up), values
are plotted in Figure 5, showing a decreasing tendency with the
degree of hydration, in line with results for other systems.%10:48
The observed trend in the experimental x. values is evidence for
the increasing polarization effect of the methyl carbamate
molecule with the degree of hydration due to the RAHB. This
polarization results in a decrease of the electron density excess
along the z-axis (Figure 5 and Table S14).
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Figure 6. Possible path for the configuration inversion for the trihydrated complex of mcb calculated in three relaxed coordinate scans (B3LYP-D3BJ/6-311++G(2d,p)) by the
flipping motion described by the ¢ (Hws-Ows-Ow2-Ow1), 2 (Hwa-Owa-Ow1-Ows), and &3 (Hyw2-Owi-Hwi-Ows) angles. The barriers for the &1, &,, and ¢s scans are represented from left
to right, respectively. This path is similar to the one reported for f-ws. Atom is labelling defined in Figure 3.

Large Amplitude Motions and Microsolvation

In discussing the motion which gives rise to the additional
splitting in syn-mcb-ws-a, it is reasonable to assume that it
follows the same path as that proposed for the clusters of
formamide and ethyl carbamate,®17 since the structures and
hydrogen bond connectivity are similar for all three families of
clusters. The suggested path involves a consecutive flipping

motion of each water molecule connecting the three isomers of
the complex passing through rather low hindering barriers as
shown in Figure 6.

Inspection of the experimental internal rotation barrier values
for the monomer and the microsolvated species reveals a steady
increasing tendency with the degree of hydration (Table 2). The
change from the monomer to the monohydrated clusters is



bigger than the changes between successive larger clusters. The
theoretical calculations predict the same tendency in the internal
rotation barrier, with an upward shift in the absolute values and
a minor discrepancy in the step from syn-mcb-w;-a to syn-mcb-
ws-a (Table 2 and Figure 7).

Table 2. Evolution of the experimental and theoretical (B3LYP-D3BJ/6-
311++G(2d,p)) internal rotation barrier for syn-mcb--:(H20),, n = 0-3 and
methyl lactate:--(H.0)n, n = 0-2. All energies are given in cm™.

syn-mcb--+(H20)a Experimental V3 Theoretical V3

n=0 352.18(29)2 236
n=1 373.574(88) 255
n=2 385.80(32) 269
n=3 404.5(13)° 273
mic--(H20)n Experimental V3

n=0 398.07(25)

n=1 428(2)¢

n=2 433.74(66)"

a Reference 13. ® Value for the O state. ¢ Reference 50. ¢ Reference 51.
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Figure 7. Experimental and theoretical (B3LYP-D3BJ/6-311++G(2d,p)) barrier height
for the internal rotation of the methyl top in mcb with increasing hydration degree.

A similar tendency was observed in the series of monomer —
monohydrated — dihydrated complexes of methyl lactate
(mlc).59°1 In mlc, the trend in the V3 value was attributed to the
shortening of the O;::*Hyni1 and Oj--Hmz distances, which is also
predicted to happen in mcb (Table S15). However, the change in
the V3 barriers for mcb seem to be more pronounced than those
of mlc. Changes in the electronic environment of mcb, such as
the extension of the resonance and m-cooperative effects to the
0,, could also be responsible for the increase in the internal
rotation barrier with the degree of hydration.

Conclusions

We have investigated the microsolvated complexes of
methyl carbamate using microwave spectroscopy, and
determined with high accuracy the rotational constants, the
NQCCs, and the barrier heights for the internal rotation
motion in three new hydrated mcb clusters. From the
parameters of the parent and the single 180,, isotopologues
for the mono- and di-hydrated complexes, we have derived
the experimental structures and precisely located the water
molecule within the clusters. The heavy atom skeleton of

the mono and dihydrated complexes is essentially planar
but as in related trihydrate complexes, the water trimer
adopts a slightly out-of-plane configuration. The smaller
complexes exhibit a splitting in the rotational transitions
arising from the internal rotation of the methyl top, as well
as a hyperfine structure due to the presence of a “N
nucleus. The complex with three molecules of water
presents an additional splitting attributed to an inversion
motion resulting in a complicated spectral pattern, which
was successfully disentangled. We have observed two
interesting trends in the series of microsolvated complexes
of methyl carbamate. First, a decrease in the experimental
Xcc/€QQqa10 value, correlated with RAHB effects, in line with
previous studies of small amides in the gas phase. Secondly,
an increase in the experimental V3 barrier, well reproduced
by the theoretical calculations. The increase in V3 can be
associated with a decrease in the distance between the
carbamate oxygen atom and the hydrogen atoms of the
rotating top, but may be also influenced by resonance
effects. Our study provides insight into the behavior of
microsolvated complexes, extending previous research
concerning hydration of small amides. The analysis of the
complex spectra due to several effects: internal rotation,
nuclear quadrupole coupling, and inversion motion is of
significant basic interest for molecular spectroscopy since,
while these effects are commonly observed, they rarely
occur together, as is the case in the syn-mcb-ws-a complex.
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