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DOI: 10.1039/x0xx00000x Microsolvated complexes of ethyl carbamate (urethane) with up to three water molecules formed in a supersonic

expansion have been characterized by high-resolution microwave spectroscopy. Both chirped-pulse and cavity Fourier
www.rsc.org/ transform microwave spectrometers covering the 2-13 GHz frequency range have been used. The structures of the
complexes have been characterized and show water molecules closing sequential cycles through hydrogen bonding with
the amide group. As is the case in the monomer, the ethyl carbamate-water complexes exhibit a conformational
equilibrium between two conformers close in energy. The interconversion barrier between both forms has been studied
by analyzing the spectra obtained using different carrier gas in the expansion. Complexation of ethyl carbamate with water
molecules does not appear to significantly alter the potential energy function for the interconversion between the two
conformations of ethyl carbamate.

sparked widespread interest is due to its presence in
1 Introduction fermented food and wines.> Although its toxicity in humans is

The carbamate group (-NCO-) is recurrent in many biologically not clear, it is classified as a carcinogenic compound and

active molecules with pharmacological applications.'? The
carbamate group can be considered as an ester-derivative of
an amide, and therefore it offers some of the functionalities of
the peptide bond. In consequence, the molecules presenting
this group are used as peptide bond substitutes in medicinal
chemistry.2 One of the roles in which this functionality
becomes important is in the possible modulation of inter- and
intramolecular interactions with enzymes or molecular
receptors. Carbamates may act as hydrogen bond donors or as
hydrogen bond acceptors through the N-H or the C=0 groups,
respectively. This dual character, allows carbamates to form
sequential cycles with other molecules having the same
donor/acceptor character, as for example water molecules.
The carbamate group also has wide applications in industry,?
for example ethyl carbamate or urethane, has special
importance in the polyurethane polymer synthesis.* (W -
One of the reasons that the study of ethyl carbamate has

consequently its concentration level is regulated by law. For
this reason, various methods are being developed for their
detection, aiming for quick and simple detection without
laborious preparation processes. A new method, molecular
rotational resonance (MRR), ¢ - 7 based on rotational
spectroscopy appears to be a useful alternative to classical
methods, since it presents high precision and sensitivity. This
technique requires prior knowledge of the rotational spectrum
of the system to be detected, as well as of its intrinsic
characteristics, such as the conformational equilibrium, or its
interaction with other molecules present such as water, a
universal solvent.
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The structure of the ethyl carbamate (ecb) monomer has
already been studied by different experimental techniques as
X-ray crystallography,® IR spectroscopy in solid phase and in
solution,® or microwave spectroscopy in the gas phase both at
room temperaturel®and in supersonic expansion.! The gas
phase studies confirmed the existence of two stable
conformations very close in energy, in good agreement with
the computational predictions. In ethyl carbamate | (ecb-I), the
heavy atom backbone presents an effective planar
configuration, while in ethyl carbamate Il (ecb-ll), the
carbamate and the ethyl group are at an angle of
approximately 80 degrees (see Figure 1). The second form is
further stabilized by CH---O weak hydrogen bond, making it
more stable than expected at first. For that reason, it was
challenging to determine unambiguously which of the two
forms is the most stable. Experimental investigations!®
estimated that ecb-l is more stable by 0.5(5) kJ-molt. This was
supported by theoretical calculations and experimental
evidence, such as the absence of form Il in supersonic
expansion when Ar was used as the carrier gas.'®!! Form Il is
also absent in the crystalline state®, although it might be due
to packaging effects in the crystal. The effect of carrier gas on
conformational interconversion by means of collisional
relaxation in supersonic jets has been widely studied.*?13 Thus,
different carrier gases can be used to select the conformers
present in the jet, as happens in the equilibrated ethyl
carbamate. Using Ne carrier gas both conformations can be
observed, while using Ar conformer Il is not detected,
demonstrating the selective condensation to the energy
lowest conformer on stronger cooling.

In this work, we aimed to characterize the hydrogen bond
interactions between water and the peptide bond, evidenced
by microsolvated complexes of molecules containing the
amide group. Microsolvated complexes of ethyl carbamate can
be considered as the next step in the understanding of
microsolvated amides,*?3 contributing information about the
interactions of water with a substituted cis-peptide linkage,
and on how water affects the linkage structure in the first
steps of solvation. The study of the complexes of both forms of
ethyl carbamate is expected to reveal the possible influence of
solvation on the equilibrium conformations of this molecule.
We have focused on the relaxation processes in the supersonic
expansion of the species observed and their possible relation
not only with the monomer dynamics, but also with the
hydration degree. To achieve this, we have used high-
resolution microwave spectroscopy combined with supersonic
expansion, which allows generating the complexes in isolation
conditions and characterization with high accuracy of their
structure and properties.

2 Theoretical and experimental methods

Quantum-chemical calculations?* were performed to study the
preferred sites of interaction for both ethyl carbamate | and Il
conformations with water. Different structures were tested for
the 1:1, 1:2 and 1:3 complexes (see Figures S1 and S3) based
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on the complexes previously reported for the microsolvation
system of formamide,!#182021 or formanilide,?? similar in
functional chemistry group structures to ethyl carbamate. The
geometries for the complexes were optimized using the
B3LYP 2° functional combined with empirical dispersion
correction (GD3)%® and triple Z basis set 6-311++G(d,p)?’ or
def2-TZVP.28 In both cases, the results were almost identical.
Frequencies using vibrational harmonic terms were also
calculated to confirm that the optimized geometries are true
minima. The energy values were refined by using the zero
point energy (ZPE) correction. The calculated rotational
constants, dipole moment components and nuclear
quadrupole coupling constants allowed simulation of the
microwave spectra for the different stable complexes. All the
predicted parameters are collected in Tables S1 and S2.
Calculations for the potential energy function for the
interconversion between the rotamers | and Il through ethyl or
water movements were also performed using Density
Functional Theory (DFT) and MP2/aug-cc-pVDZ methods in
order to help in understanding the effect of the carrier gas on
the relaxation and complexation (Figures S4 and S5).

The initial study of the microsolvated complexes of ethyl
carbamate was carried out in the chirped-pulse Fourier
transform microwave (CP-FTMW) spectrometer.?®30 Ethyl
carbamate is a white crystalline solid, commercially available,
with melting point of ca. 57 2C that was held in a stainless steel
heatable pulsed nozzle and heated to about 80 2C. Either Ar or
Ne were used as carrier gas with backing pressures between 2-
3 bar. The vapor from the sample was mixed with the carrier
gas, previously seeded with water. Temperature and pressure
were optimized to ensure maximum signal. The supersonic jet
was generated by the expansion of the gas mixture through a
small diameter (0.8 mm) nozzle into the high-vacuum
chamber. The spectrum of ethyl carbamate was recorded from
2 to 8 GHz, using a chirped pulse of ca. 5 us for the polarization
of the sample. The frequency measurement accuracy is better
than 10 kHz. Measurements in the 5-12 GHz frequency region
in the narrow band molecular beam Fourier
transform microwave (MB-FTMW) spectrometer.3' Ethyl
carbamate was placed in a small diameter (0.9 mm) stainless
steel heating pulsed nozzle,?? and heated to ca. 90 C, using Ar
as carrier gas at backing pressures of about 2 bars. A short
microwave pulse of ca. 2 us at a discrete frequency is emitted,
inducing the polarization of the sample over a narrow band of
ca. 2 MHz. Due to the instrumental Doppler effect all the
transitions appear split into two components. The transition
frequency was calculated as the arithmetic mean of those
Doppler components resulting in an accuracy of frequency
measurement better than 3 kHz. The higher resolution power
of this instrument allowed to fully resolve the hyperfine
structure due to the nuclear quadrupole coupling and to
determine precisely the diagonal elements of the quadrupole
coupling tensor.

were made
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3 Results and discussion

Microwave spectra of ethyl carbamate | -:- (H,0),(n=1, 2, 3)
complexes

The microwave rotational spectrum was recorded in the CP-
FTMW spectrometer?®3° using Ar as carrier gas. After removing
the lines corresponding to the ecb-l monomer, no evidence of
ecb-Il or of its complexes was observed. The lowest energy
microsolvated complexes of ecb-l with up to three water
molecules (see Figure 2) were easily identified by the
observation of characteristic 2R-branch groups of lines. For the
ecb-I-w complex PR-branch and PQ-branch transitions were
also observed. Preliminary rotational constants for ecb-I-w,

ecb-I-w, and ecb-I-ws were initially derived from this
spectrum.
. T S
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Figure 2. The complexes with one, two and three molecules of water with ethyl
carbamate I.

Refined measurements in the narrow band MB-FTMW
spectrometer3!:32 then allowed to completely resolve the
nuclear quadrupole coupling hyperfine structure (hfs) present
in all the spectra due the presence of a *N nucleus, and also
an additional splitting in the lines of ecb-I-ws (see Figure 3).
The MB-FTMW measurements lead to accurate determination
of the rotational, quartic centrifugal distortion and nuclear
quadrupole coupling constants.

No isotopologues in natural abundance were observed for any
of the complexes, since each rotational transition appears
spread over several hyperfine components decreasing its
intensity (see Figure 3). The microwave spectra of ecb-I-w and
ecb-lI-w, monoisotopically substituted with %0 in the water
subunits were registered in the MB-FTMW spectrometer using
a mixture of isotopically enriched H,'0 (99%) with normal
water. That mixture was prepared with different H,%0:H,80
proportions in order to ensure maximum probability of
substitution of water molecule for each of the mono-, di- and
trihydrated complexes. Selected transitions were measured to
determine the rotational constants for the isotopic species.
The spectra of ecb-I-w and ecb-l-w, species were analyzed
using a semirigid-rotor Hamiltonian  (A-reduction, I
representation) 3334 including quadrupole coupling terms
employing the SPFIT/SPCAT program suite.3>

For ecb-l-ws, which displays the above mentioned vibrational
doublets separated by about 0.018 - 0.020 MHz (see Figure 3),
the centrifugal distortion constants and quadrupole coupling
constants have been determined simultaneously for both
states using a two-states Hamiltonian. The doublets do not
show statistical weight spin effects, so those can in principle
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arise from a motion in the water subunit(s) connecting two
equivalent forms. Similar doublets, but with larger separation,
were observed for the formamide:--(H,0)3 complex (f-ws).2!
The hydrogen bond network established in ecb-ws is similar to
that found in f-ws,?! being almost identical in the disposition of
the water molecules. For that reason, it can be assumed that a
path similar to that described for f-ws; could be the origin of
the doublets observed in ecb-I-ws. The proposed path involves
a coordinate movement of the water molecules, in which the
consecutive flipping motions of each water molecule pass
through reasonable low hindering barriers.?! However, in the
present case, since ecb is heavier than formamide, the energy
difference between the ground and excited state should be
smaller, while the small observed splitting magnitude is not
sufficient to determine the energy difference between the
states and the Coriolis constants. Only the rotational constants
for each state were determined and are given in Table 3.

A search for other monohydrated complexes of the | form (see
Figure S1), was carried out, however those complexes were
not detected in our experimental conditions. The results for
the parent species for the complexes of ecb-I with up to three
molecules of water are collected and compared with quantum-
chemically calculated values in Tables 1-3. The complete
results, experimental frequencies and derived rotational
parameters, are reported in SI.

Intensity m'
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Figure 3. The 7,;¢-6,¢ rotational transition for the ecb-l-w; complex with the
hyperfine structure arising from the quadrupole coupling interaction (F'«—F"
transitions). The small splittings of ca. 0.02 MHz correspond to the rotational
transitions in the v = 0 (lower v, blue) and v = 1 (higher v, red) torsional states due to
tunnelling between two equivalent configurations. Each transition appears as a
doublet due to the instrumental Doppler effect.

Microwave spectra of ethyl carbamate IlI--:(H,0), (n =1, 2, 3)
complexes

The microwave spectrum was also recorded with Ne carrier
gas in the CP-FTMW spectrometer. In this spectrum, a greater
density line can be observed, which turns out to correspond to
the presence of both | and Il forms of ethyl carbamate and of
their water complexes. The mono, di and trihydrated
complexes of ecb-Il were identified in the microwave spectrum
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by the recognition of “R-branch transition pattern. For the Table 1. Observed rotational parameters obtained for the ecb-I-w complex

complex ecb-ll-w some PR-branch and also PQ-branch compared to B3LYP-GD3/6-311++G(d,p) values.
transitions were detected. The observed ecb-llI-w, complexes Parameter?® Experimental Theoretical
(see Figure 4) present the same water arrangement, with A /MHz 7659.94791(44)° 7689.84
identical interactions, as those observed for the ecb-l-w, B /MHz 1034.10646(11) 1031.44
complexes. The only difference between the two sets of C/MHz 923.276293(93) 921.95
complexes comes from the different arrangement of the ethyl
group in the two ecb rotamers. Ps JuR? 485.05484(52) 486.21
Py Jul? 62.32085(52) 61.96
P. /uh? 3.65596(52) 3.76
Ay [kHz 0.1124(13) 0.098
A /kHz 0.088(13) -0.193
Ak /kHz [0.]¢ 22.061
& /kHz 0.01594(58) 0.011
& /kHz [0.] 0.321
Ecb-ll-w Ecb-Il-w, Ecb-ll-w, N 3/2(jza) /MHz 2.4588(18) 2.72
N % (ybb-ec) /MHz 1.60147(59) 1.81
Figure 4. The complexes with one, two and three molecules of water with ethyl
carbamate II. n 138/37
A semirigid-rotor Hamiltonian3334 was used for the analysis of o /kHz 2.4
the spectra from the CP-FTMW. No isotopologues were 2 A, B and C are the rotational constants. Pu (= a, b or c) are the planar
observed for any of the complexes formed with ecb-II. moments of inertia. A, Ak, 4k, & and & are the quartic centrifugal

distortion constants, yaa, xbb and ge are the N quadrupole coupling
constants. n specifies the number of fitted hyperfine components and
different rotational transitions. o is the deviation of the fit. ® Standard

In the case of ecb-ll, the complexes with water were predicted
in pairs because some water atoms are out of the carbamate

group plane (in conformers with w = 1,2 this concerns the errors are given in parentheses in units of the last digit. © Parameters in
hydrogens, for w = 3 also the water molecules). This plane square brackets were kept fixed.

coincides with the symmetry plane of ecb-I, and is the reason

why ecb-l-w, complexes have equivalent forms and the Table 2. Observed rotational parameters obtained for the ecb-l-w, complex
Interconversion between such forms can lead to splitting in compared to B3LYP-GD3/6-311++G(d,p) values.

rotational transitions, as has been stated in the trihydrated Parameter® Experimental Theoretical
case. For ecb-ll this is not possible because the ethyl chain A /MHz 3734.1586(72) 3793.57
breaks this symmetry, giving rise to two near equivalent B /MHz 701.90967(10) 704.09
conformers, that were labeled G+ or G- depending on the C/MHz 597.04077(10) 599.88

relative orientation of the ethyl chain with respect to water

2
molecules (see Figure S2). The predicted data for all the Pa Juh 715.56974(31) 71351
. . . . Py Jul? 130.90344(31) 128.96
conformers are compiled in the supplementary information. <5
) - ) P Jul 4.43601(31) 4.26
The assignment was made by comparing the experimental
constants with those calculated (B3LYP-GD3/6-311++G(d,p)) A /kHz 0.05569(31) 0.042
for each pair of predicted conformers for each complex. The A /kHz 0.2351(29) 0.161
assignment of ecb-ll-w and ecb-ll-w, complexes was difficult A JkHz [0.] 4.566
since the rotational parameters are quite similar, and appears 6 /kHz 0.01043(24) 0.007
that only the water OH bonds not involved in hydrogen bond & /kHz 0.291(33) 0.264
change their orientation. The mono- and dihydrated
complexes were assigned to conformer G- on the basis of the YN 3/2(y22) /MHz 2.0278(58) 2.18
14
better agreement between experimental and calculated N %(zob-7e) /MHz 1.5582(57) 176
rotational constants and planar moments of inertia. The 153/53
trihydrated complex assignment appears clearer and it was "
o /kHz 1.4

assigned to conformer G+ where the rotational parameters 2 See Table 1 for definitions

agree better for this conformer. As has been demonstrated in
many cases,3® the quadrupole coupling constants are very
sensitive to the structural orientation, confirming the
assignment to conformer G- for ecb-llI-w,2) and G+ for ecb-II-
W3,
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Table 3. Observed rotational parameters obtained for the ecb-l-ws complex Table 5. Observed rotational parameters obtained for the ecb-ll-w, complex
compared to B3LYP-GD3/6-311++G(d,p) values. compared to B3LYP-GD3/6-311++G(d,p) values.

Experimental Theoretical Parameter® Experimental Theoretical — G-
Parameter® v=0 v=1 A /MHz 3023.593(94) 3060.95
A /MHz 2254.4370(61) 2254.4248(61) 2260.09 B /MHz 797.6169(12) 802.41
B /MHz 486.842445(98) 486.843300(98) 493.14 C /MHz 672.6464(11) 676.37
C/MHz 410.026213(87) 410.027428(87) 413.03
P. JuA? 608.8977(27) 605.96
Pa JuR? 1023.22858(69) 1023.22523(69) 1012.40 Py /ul? 142.4317(27) 141.24
Py JuA? 209.32433(69) 209.32402(69) 211.19 Pe Jul? 24.7135(27) 23.87
Pc Juh? 14.84648(69) 14.84801(69) 12.42
Ay /kHz 0.168(11) 0.132
A /kHz 0.08650(18) 0.062 A /kHz -0.942(62) -0.561
A [kHz -1.104(10) -0.595 Ak /kHz [0.] 6.122
Ak /kHz [0.] 6.594 8 /kHz 0.064(16) 0.028
8 /kHz 0.01445(21) 0.010 & /kHz [0.] 0.219
& /kHz [0.] 0.217
N 3/2(y2a) /MHz 2.001(12) 2.13
3/2(y2a) /MHz 1.734(36) 1.79 N 2%( yob-ec) /MHz 1.503(13) 1.69
Ya( oo yec) /MHz 1.4378(63) 1.38
n 51/18
n 180/30/30 o /kHz 5.5
o /kHz 2.0 2 See Table 1 for definitions.

2 See Table 1 for definitions.

Table 4. Observed rotational parameters obtained for the ecb-ll-w complex
compared to B3LYP-GD3/6-311++G(d,p) values. Table 6. Observed rotational parameters obtained for the ecb-Il-w; complex
compared to B3LYP-GD3/6-311++G(d,p) values.

Parameter” Experimental Theoretical - G- Parameter® Experimental Theoretical — G+
A /MHz 5196.3808(28) 5109.80
B /MHz 1212.1730(10) 122031 A /MHz 1885.263(24) 1899.24
C /MHz 1063.34957(89) 1067.74 ? ; m:z Zi;'igziigg izg'ii
z . .
P. Juk? 397.46735(26) 394.28 o Jul £70.3792(19) 458 38
R2 a /U . .
Po /uez 77.80345(26) 79.04 Py JUA? 232.6915(19) 235.16
Pe Juh 19.45251(26) 19.86 oA 35.3760(19) ros
c/u . .
A /kHz 0.471(34) 0.392 ki 0220732 o184
A /kHz -2.35(14) -3.545 ‘ ' '
e Kz 0] 33.579 A,K/:Hz -1.619(33) -1.146
& /kHz 0.076(13) 0.082 AK/k Hz 0] >477
e o) o140 i ooz o
Z . .
N 3/2(y2a) /MHz 2.3891(81) 2.70 N 32 I L 500(50 205
1N 34 ( oo~ ec) /MHzZ 1.2977(28) 1.38 N y(; (z;))//M:Z 1-281:22; 1-34
a\ Ybb~ fcc, . .
n 54/16
o /kHz 6.6 n 76/27
2 See Table 1 for definitions. o/kHz 6.0

2 See Table 1 for definitions.

However, it should be noted that these assignments are No other conformers due to different water disposition were
tentative, since the potential functions of these complexes o©Observed for any of these clusters. The experimentally determined
have a very flat and broad minimum. The experimentally rotational parameters are compared with the theoretically
observed ground state is above the interconversion barriers to ~ calculated ones in Tables 4-6. The complete data and results are
the water movements, so that the complexes present an collected in the SI.

average structure between all shallow minima.
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Structure

As indicated by the relatively close values between predicted
and determined rotational parameters (see Tables 1-6), the
geometry from the results of quantum-chemical calculation
can be considered, to a good approximation, to provide
reliable description of the structure of all the complexes. The
interactions established between ethyl carbamate, irrespective
of its conformation, and water seems to be of the same
nature as those reported before for complexes of related
amides such as formamide,!#821 N-methylformamide,’® or
formanilide.?? For the monohydrated complexes, the water
molecule interacts with the amide group closing a cycle
through the C1=0;--‘Hy1.1—Ow1-:*H1—N hydrogen bond network
(see Figures 2 and 4). The sequential cycle is extended in the
complexes with two or three molecules of water through
C1=01--~HW1.1—OW1---HW2.1—0W2~--H1—N and C1=01"'Hw1_1—
Ow1**Hw2-1=Ow2-*Hwz-1—Ows-*H1—N hydrogen bond networks
respectively. In all cases, both ethyl carbamate and each water
molecule act as hydrogen donor and hydrogen acceptor
simultaneously.

Complexation with water does not seem to significantly alter
the structure of the ethyl carbamate molecule. Thus, the
complexes with the planar skeleton conformer ecb-I, are also
close to planarity. It is possible to observe a steady increase in
the experimental value of P. from the monomer (3.332109(3)
uA?),1 to ecb-lI-w (3.6560(5) uA?), and to ecb-I-w, (4.4360(3)
uA?) (see Tables 1 and 2), indicating the near planar nature of
the complex heavy atom skeleton. The value of P. in the
hydrated complexes may include contributions from the out-
of-plane hydrogen atoms of the ethyl group, from the water
hydrogen atoms not involved in hydrogen bonding, and from
vibrational contributions. The water oxygen nuclei in both
complexes are located in the ab inertial plane, as indicated by
the almost invariant value of P. obtained for the 20,
isotopologues (see Tables S3 and S4). On moving to ecb-l-ws;
we note that its value of P. increases considerably (14.8465(7)
uA? for v = 0) (see Table 3). This indicates that the water
molecules are positioned slightly out of the plane defined by
the ecb-I conformer, as also has been observed in the similar
complex f-ws.2!

For the ecb-ll conformer (see Figure 2), the non-planarity of
the monomer is also preserved in the complexes. Therefore,
since the molecule has no plane of symmetry, the
arrangement of the water molecules can not be directly
related to the increase of the P. planar moment. If we assume
that, as in the ecb-lI conformer, the water molecules lie in the
pseudo plane of the carbamate group, we can consider that
the methyl group is the main contributor to the P value. In
this way, we have subtracted the contribution of the methyl
group to each complex, so that the ab inertial plane coincides
with the pseudo plane of the molecule, and therefore it is
possible to analyze the new P. values. The results are 0.6 uA?
for ecb-ll-w;, 1.0 uA for ecb-ll-w, and 9.1 uA for ecb-ll-ws,
confirming that the water molecules lie on the carbamate
plane, in a similar way to conformer ecb-l, keeping the same
structure and interactions, even for the complex with three

6 | J. Name., 2012, 00, 1-3

oz Fitted parameter y P
0.1 de 1O, Hy) IA 2.0958(6) 2.079
i MHypq04) 1A 1.83(1) 1.913
A0, Hy=N) /# 137.66(3) 138.2
AHop 4 0=C=N) 2 -181.5(1)  -175.2
Derived parameter g A
MOy =H..4) 1A 1.02(1) 0.975
A0~C,-N) f° 125.100(8) 125.1
H, AHiOu-Hug) P 80.3(4) 81.5
5;;)\4 AOu-Hurr~Oy) P 148.4(4) 1485
Hg Cs
atom a b c
Irl /A 3.4443(4) 0.351(4) 0.05(3)
/A O, 3.4436(9) -0.3657(7) -0.0315(3)
r, 1A 3.44 0.35 -0.11

Figure 5. The derived ry structural parameters, the r, coordinates and comparison
with the r. (B3LYP-D3/6-311++G(d,p)) structure for ecb-I-w.

water molecules where the water molecules lie close to, but
no longer on, the carbamate plane.

For ecb-I-w and ecb-l-w, the monoisotopic '80,, substituted
species were observed. For those complexes two procedures
can be followed in order to obtain key parameters of the
molecular structure: the so-called effective, ro, or the
substitution, rs, method. The ro structure3’ reproduces the
rotational constants in the ground state and is obtained by a
least-squares fit of selected bond distances and angles to the
observed rotational constants for all of the available
isotopologues.3® We have used the computed re results as
starting point structure for the rq calculations. The ro structures
obtained for the hydrogen bond parameters are summarized
in Figures 5 and 6, where they are compared with the
equilibrium re (B3LYP-GD3/6-311++G(d,p)) predicted structure.
The complete results of rg structure determinations for ecb-I-w
and ecb-I-w; are collected in Tables S9-S10. The r; structure is
based on the change of the values for the moments of inertia

occurring upon monoisotopic substitution. It gives the
Fitted parameter Iy A
He,, H, O, H, MO,z -Hy) 1A 1.887(7) 1.876
21 @ 2 Hyna04) 1A 1.778(1) 1.767
0,9 -.:me A0,z H=N) I° 175.0(6) 174.1
\ AHyyq04=Cy) I° 1295(3) 129.4
AH,q.4-0,-C,=0,) I* 174.0(2) 176.5
Derived parameter Iy o
MH,yz.q7Oyq) 1A 1.836(5) 1.775
MO,z Ou) 1A 2.763(5) 2.722
AO0,,-H,pi0,,) F° 160.3(5) 161.0
AHypq0—H,q) I° 98.6(2) 98.9
a b c
|| A 2.8133(5) 1.6251(9) 0.05(3)l
ro 1A 0,, 2.813(1) -1.6311(3) 0.024(2)
ry 1A 282 -1.61 0.00
Ir] 1A 3.3733(4) 1.069(1) 0.06(3)
ry A 0,, 3.374(1) 1.076(6) 0.041(1)
r, 1A 3.36 1.06 0.05
r, IA 2.752(2)
A 0,-0,, |2.763(5)
ry 1A 2.722

Figure 6. The derived ry structural parameters, the r; coordinates and comparison
with the r. (B3LYP-D3/6-311++G(d,p)) structure for ecb-I-w,.
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absolute values for the a, b and c¢ coordinates of the
substituted atom in the principal axis system by solving the
Kraitchman equations.3® The realistic uncertainties in the
coordinates are quoted according to the Costain rule.*° The r
coordinates are compared with the ro and re values in Figures 5
and 6, where it is possible to see the good agreement between
them, which confirms the proposed structures.

Potential energy function and relaxation

In the supersonic expansion using Ar, only rotamer | of ecb is
observed, and therefore only its complexes are formed. In the
supersonic expansion using Ne, both monomers and their
complexes appear. The potential energy function for the
interconversion of ethyl carbamate conformers can be defined
by the rotation of the t (C;—0,—C,—C3) dihedral angle. The
potential energy function for this motion has been evaluated
at the B3LYP-GD3/6-311++G(d,p) and MP2/aug-cc-pVDZ levels
of theory (see Figures S4 and S5). Based on these predictions,
it appears that water molecules do not significantly alter the
energetics for the interconversion between the two forms of
ethyl carbamate. Thus, the equilibrium analysis can be reduced
to the relaxation of ethyl carbamate monomer. In the
monomer function, the experimental global
minimum corresponds to rotamer |, in which tis 180 degrees.
The theoretical calculations seem to miscalculate the minima
energy, and predict conformer Il to be lower in energy (AEechi-
1,8alye = -31 cm?) (see Figure S5), in disagreement with the
experimental conclusions. However, those calculations pertain
to the energy of the r. structure, which is not the real
situation. This can be corrected by calculating the Zero Point
Energy, which gives the energy of the ground vibrational state,
and predicts the minima energy in good agreement with
experiment (AE ZPEecpii,3Lve = 19 cm?).

potential

2500 BILYP-GD3/6-311++G{d,p)
1500 - ? >~ 9‘6‘ - i;‘ "'l
3 9 ¥ v e B
- 1000 - 3 ‘2 ‘? -
Ry <~ ©-<¢
v 3 - -

~ ~ Monomer

-

o 90 180 270 160

500

Figure 7. Potential energy function of ethyl carbamate performed at the B3LYP-D3/6-
311++G(d,p) level of theory for the rotation of the t (C;—0,—C,—C3) dihedral angle for
the monomer (black) and the complexes with one (blue) two (green) or three
(yellow) molecules of water. The corresponding structures at the minima are
illustrated for the complex with three molecules of water in side view (See Figures S4
and S5 for more detail).

For the monomer, as a result of the almost planar heavy atom
skeleton, an ethyl group rotation of +100 or -100 degrees from
the global minimum leads to the equivalent
conformations of the Il form. The periodic function at the
B3LYP-GD3/6-311++G(d,p) level of theory predicts an energy

two
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barrier for the interconversion of about 290 cm™. This barrier
is lower than the cutoff of 350 cm™ established in the
literature for conformer relaxation!? in a molecular jet in the
same conditions as we have used.

The barriers predicted for the complexes are similar to that of
the monomer, even for ecb-ll complexes, for which two
different, almost isoenergetic, conformations may exist (G+
and G-). In ecb-ll, the two similar forms of mono and
dihydrated complexes arise from the symmetric and
equivalent orientation of the non-bonded water hydrogen
atoms that lie out of the carbamate plane, which become non-
equivalent due to the different orientations of the ethyl group.
For the ecb-Il trihydrated complex, the arrangement of water
molecules is not planar relative to the carbamate plane. As
shown in Figure 7 for ecb-ll-ws, the two possible ecb-Il forms
which are equivalent for the monomer turn out to be non-
equivalent for the complex, as in the other presently
considered complexes. Experimentally only one of those
conformations has been observed for the monohydrated,
dihydrated or trihydrated ecb-Il complexes. The conversion of
the complex to the equivalent structure would require
coordinated motions of both water and the ethyl group, over a
surface with four minima where the conformers are equivalent
in pairs. The interconversién barriers between all the rotamers
through the coordinated movements are sufficiently low to
allow the use of relaxation arguments to explain the non-
observation of the missing conformers.!3

a) 6x10+ 6x10+
Ecb-I-w 3y 02y 4 Ecb-ll-w
2 3
2 3x104 %"‘ 3104
g §
= E 1
(171 1 RS | | A S L) ISR | PG
6032 6037 6042 7042 7047 7052
v /IMHz v IMHz
b) 4x10+ 4104
Ecb-l-w; Spst—d04 Ecb-ll-w,
= >
= 3
= 2310 2 2104
1] &
5 §
£ E
6437 6442 6447 7246 7251 7256
v IMHz v IMHz
c) 1x104 1x104
Ecb-I-w; Tyg¢615 Ech-ll-wy
32 3
-g’;“ﬁxw-* 2 5x10°
£ 5
E £
0.0/ ’ ' 0.0 /
6506 6511 6516 7374 7379 7384
v IMHz v IMHz

Figure 8. a) The 3, ,¢-2;; rotational transition for the ecb-I-w and ecb-Il-w complexes.
b) The 5¢,5¢4,4 rotational transition for the ecb-I-w, and ecb-Il-w, complexes. c) The
7.6¢61,5 rotational transition for the ecb-l-w; and ecb-Il-w; complexes. All of the
compared transitions were measured using the chirped pulse spectrometer in the
same conditions of pressure (Ne at 3 bar) and sample heating temperature (752C).

It is possible to compare qualitatively the intensity of the same
rotational transition for the complexes with one, two or three
molecules of water with both forms of ethyl carbamate (see
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Figure 8). As shown, the intensities are slightly lower for the
complexes in ethyl carbamate Il, but we can consider to a good
degree of approximation that those are of the same order of
magnitude. The populations in the supersonic jet can be
estimated from the intensities in the chirped-pulse spectrum,
assuming that the intensities are proportional to Ni-u;q?, with
N; being the number density of the species i in the supersonic
jet and uiq the electric dipole moment component allowing for
the transition. Due to the close energy of both monomers, and
the shape of the triple potential well, with two equivalent
forms for ecb-Il, the number density of molecules is expected
to be 1:2 for ecb-l:ecb-Il. Thus, rotational transitions of ecb-I|
and their complexes could be expected to be more intense, in
opposition to the observed intensities.**? Two effects can
explain the discrepancy in the experimental intensities. The
first is that the predicted dipole moment component is slightly
larger for the complexes with ecb-I (see Tables S1 and S2). The
second effect is that even using Ne, some partial relaxation
process occurs, increasing the population of the ecb-I
conformation.**42 Using Ar, all the ecb-1l molecules relax due
to collisions into the most stable form, which is ecb-I.

Nuclear quadrupole coupling and n-cooperative effects

o-cooperativity*3-44 is associated with complexes in which
there are groups capable of acting simultaneously as hydrogen
donor and acceptor, closing cycles or forming chains. When
water establishes hydrogen bonds, it polarizes incrementing
the strength of the
shortening in the hydrogen bond distance. In addition to o-

interactions further reflected by a

cooperativity, another effect resulting in the polarization of
the molecule can be expected for amides such as ethyl
carbamate, which is Resonance Assisted Hydrogen Bonding
(RAHB) %>+ %6 or m-cooperative bonding. Both o- and n-
cooperative effects become stronger as the number of water
molecules increases. RAHB effects have been demonstrated to
occur in the gas phase by using microwave spectroscopy for
the microsolvation of formamide.?%?! The main effect of RAHB
on ethyl its polarization, resulting in the
enlargement of the C=0 distance and the shortening of the C—

carbamate is

N bond. No isotopologues in the ethyl carbamate molecule
have been observed in this work, and therefore there is no
direct experimental information about this effect. However,
based on the good agreement between predicted and
observed rotational parameters, the lack of experimental

N—L N=C, NEL W=

i oGy b—Calls H b—C2Hs H b—CH

Ecb-l Ecb-l-w Ecb-l-w, Ecb-l-w,
fec=o 1.211A 1224 A 1.227TA 1.22TA
focn 1366 A 1352 A 1345 A 1342 A

Scheme 1. RAHB inductive effects in the microsolvation series of ecb-I evidenced by
the calculated C=0 bond lengthening and the C—N bond shortening.

8| J. Name., 2012, 00, 1-3

information can be supplemented by theoretical values as an
approximation (see Scheme 1). The trend shown in the
variation of the C = O and C-N bond distances confirms the
existence of cooperative effects.

As already demonstrated in the microsolvation system of
formamide,?%?! the nuclear quadrupole coupling constants can
be used to probe the changes in the electronic environment at
the N nucleus. In general, only the diagonal elements from
the nuclear quadrupole coupling tensor can be determined
and therefore an exhaustive picture of the electric field
gradient can not be obtained. In planar molecules, the ¢
inertial axis is parallel to the principal *N quadrupole coupling
z axis. For near planar complexes, such as those observed with
rotamer | of ethyl carbamate it is reasonable to assume ycc = X2z
correlation between quadrupole constants. Table S11 shows a
clear tendency in the experimental values of x. for the
microsolvation series of ecb-l, which is almost identical to that
found for formamide-water complexes.?®?! The complexes
with ecb-Il are far from planarity, and therefore this
correlation is not valid.

0.45
A
Ecb-l-w Ecb-l
S 040 A
o o
o Ecb-l-w; .-~
G .
°
2 0.35 i
Ecb-l-w;
0.30 - T T
0.30 0.35 0.40 0.45
'(Up)z

Figure 9. Correlation between the experimental values of x../eQq,10 and -(U,), for the
monomer and observed complexes of ethyl carbamate | with up to three water
molecules. See the text and Table S11 for definition of the plotted quantities.

The trend in ecb-I indicates that the electronic environment at
the N nucleus is altered by microsolvation. The electric field
gradient coupling to nuclear quadrupole can be related to the
unequal filling of the valence shell p orbitals from the coupling
nucleus.3® The y;; constant can then be correlated to the
unbalanced 2p, electronic charge -(Up),. Figure 9 shows the
correlation between the experimental x../eQgzi0 and -(Up),
calculated from a Natural Bond Orbital analysis.*’ It is possible
to observe a good, almost linear, correlation for the values of
ecb-l-wn.

The -(Up), values indicate that the electron density along the z
axis decreases with the hydration degree, showing that the
polarization of ethyl carbamate due to RAHB inductive effects
becomes stronger when the number of cooperative hydrogen
bonds increases. When considering the diagonal quadrupole
coupling tensor elements the predicted values of y,, are
practically the same in both series of ecb-l and ecb-ll
complexes (see Table S11 and S12). This indicates that
practically the same RAHB effects can be expected in the
amide group, independently of the ethyl carbamate
conformation.

This journal is © The Royal Society of Chemistry 20xx



4 Conclusions

Microsolvated complexes of ethyl carbamate with up to three
molecules of water have been observed for the first time in
the gas phase by high-resolution microwave spectroscopy. The
observation of H;80 species has allowed to precisely locating
the water molecules in the molecular frame. The hydrogen
bond distances obtained using the ro methodology indicate
that the dominant interaction is, as already observed in related
systems, the C=0:--H,—O,,. In the gas phase, ethyl carbamate
presents equilibrium between two close energy conformations
separated by a low interconversion barrier. The detection of
these structures and of their microsolvated complexes
depends strongly on the carrier gas used in the supersonic
expansion and the associated relaxation processes. Using Ar,
only the most stable form of ethyl carbamate and its water
complexes are observable (ecb-l and ecb-lI-w,, n = 1-3), while
using Ne, both ethyl carbamate forms and their hydrated
complexes could be detected with comparable line intensities
due to partial relaxation. It is noticeable that the inclusion of
water molecules does not seem to alter the potential energy
function for the interconversion between the two forms of
ethyl Although
miscalculate the relative energy order of the complexes due to
the very small energy differences, the observation of only the
complexes with ecb-l in the supersonic expansion using Ar
indicates that those are more stable, and the ecb-Il rotamers
relax into them. A decreasing trend in the experimental value
of x./eQg:i0 has been found as the number of water
molecules in the ecb-w complexes increases, in similarity to
other studies of microsolvated amides. RAHB inductive effect
seems to be at the origin of this trend, that causes the
elongation of the ethyl carbamate C=0 bond distance while
shortening the C—N bond distance. This has been shown to
occur for both microsolvation series of ethyl carbamate.

carbamate. theoretical calculations
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