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Abstract: Microsolvated formamide clusters have been generated in a supersonic jet expansion and
characterized using Fourier transform microwave spectroscopy. Three conformers of the monohydrated
cluster and one of the dihydrated complex have been observed. Seven monosubstituted isotopic species
have been measured for the most stable conformer of formamide---H,O, which adopts a closed planar
ring structure stabilized by two intermolecular hydrogen bonds (N—H---O(H)—H---O=C). The two higher
energy forms of formamide---H,O have been observed for the first time. The second most stable conformer
is stabilized by a O—H---:O=C and a weak C—H---O hydrogen bond, while, in the less stable form, water
accepts a hydrogen bond from the anti hydrogen of the amino group. For formamide--+(H.0),, the parent
and nine monosubstituted isotopic species have been observed. In this cluster the two water molecules
close a cycle with the amide group through three intermolecular hydrogen bonds (N—H-+-O(H)—H---O(H)—
H---O=C), the nonbonded hydrogen atoms of water adopting an up—down configuration. Substitution (rs)
and effective (rp) structures have been determined for formamide, the most stable form of formamide---
H,O and formamide--+(H;O).. The results on monohydrated formamide clusters can help to explain the
observed preferences of bound water in proteins. Clear evidence of o-bond cooperativity effects emerges
when comparing the structures of the mono- and dihydrated formamide clusters. No detectable structural
changes due to w-bond cooperativity are observed on formamide upon hydration.

Introduction in a light carrier gas into a high vacuum allows the production
of such microsolvated clusters, which are frozen in the postex-
n pansion collisionless flow regime and can be monitored by

affect the structure, function, and reactivity of chemical species. spectroscopic means in conditions of virtual isolation. Rotational

Many phenomena controlled by the subtle noncovalent interac- spectroscopy is ideal for this purpose since it has an inherent
tion forces responsible for solvation can be found in the field high resolution and it is exceptionally sensible to the molecular

of biomolecules. Molecular shape and protein foldtraparge mass d|str|but|on_and geometry As a consequence, it can
stabilization? and conformationdland tautomerit® equilibria provide very de?al_led struc_:tur_al |nfqrma_1t|0|_1 even when there
constitute only a few examples. Understanding the role of these are several coexisting species in the jet, like isomers, conformers,
forces at the molecular level is a formidable task which requires or |sotoppmers. ) . .
the isolation of molecules from their condensed phase environ- Water is an essential component of macromplecular biclogical
ment and their study in gas phase with varying degrees of systems. The crystals of proteins resemble highly concentrated
. . . . . . 1 0, 0

hydration. The environment in which an isolated molecule is SOIUt'O_nZ gvhere 20/0|t° ig/o of thlf prystald\éoluge (J(I:an be
associated with a defined number of water molecules is usually occupied by water mo PT(_:U SFS small size an . ou e-_ _o_nor
called microsolvation and can be created in a supersonfc jet. double-acceptor capacities give water a peculiar flexibility to

The expansion of a gas mixture of the solute and water diluted form a variety Of hydrogen bonds. Bound water molecgles have
been observed inserted between the carbonyl and amino groups

(1) (a) Jarrold, M. FAcc. Chem. Red999 32, 360. (b) Mao, Y.; Rattner, M. in o-helices and involved in different turns and folding

A.; Jarrold, M. F.J. Am. Chem. So200Q 122, 2950 and references therein. B ;
(&) Makarov, V: Petit, B. M.Acc. Chem. Res2002 35 376. (d) processe& A detailed survey in globular proteiheevealed that

The evolution of molecular properties from isolation to
solution is a central subject to Chemistry since solvation ca

Madhumalar, A.; Bansal, MBiophys. J.2003 85, 1805. (e) Liu, D.; water molecules can establish hydrogen bonds to the main chain
‘{‘%tgggi‘fh‘ T.; Carpenter, C. J.; Bowers, M.JTAm. Chem. S0€004 through the &0 and N—H groups of the peptide unit or to

(2) (a) Wyttenbach, T.; Paizs, B.; Barran, P.; Breci, L.; Liu, D.; Suhai, S.; the side chains through other polar groups. Bound water
Wysocki, V. H.; Bowers, M. TJ. Am. Chem. SoQ003 125, 13768. (b)

XU, S. J.: Nilles, M. Bowen, K. HJ. Chem. Phys2003 119, 10696. molecules were found to be linked to the peptide carbonyl
(3) Schmitt, M.; Bdym, M.; Ratzer, C.; Vu, C.; Kalkman, I.; Meerts, W. L.
Am. Chem. SoQ005 127, 10356. (7) (a) Jeffrey, G. A.; Saenger, Wlydrogen Bonding in Biological Structures
(4) Maris, A.; Ottaviani, P.; Caminati, WChem. Phys. Let2002 360, 155. Springer-Verlag: New York, 1991. (b) Jeffrey, G. Antroduction to
(5) Held, A.; Pratt, D. WJ. Am. Chem. Sod993 115 9708. Hydrogen BondingOxford University Press: Oxford, 1997.
(6) (a) Levy, D. H.AAnnu. Re. Phys. Chem198Q 31, 197. (b) Levy, D. H. In (8) (a) Bundell, T. L.; Barlow, D.; Borkakoti, N.; Thornton, Bature 1983
Jet Spectroscopy and Molecular dynamidsllas, J. M., Phillips, D., Eds.; 306, 281. (b) Sundaralingam, M.; Sikhardu, Y. 8ciencel 989 244, 1333.
Blackie: London, 1995. (9) Baker, E. L.; Hubbard, R. EProg. Biophys. Mol. Biol1984 44, 97.
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groups in a proportion (42%) comparable to that found for the
side chains (44%). In contrast, a low percentage (14%) of water
molecules was found to hydrate the peptide amino groups. The
preference of water to be bound to peptide oxygen atoms was
attributed to several factors, including the ability of carbonyl
oxygen to form more than one hydrogen bond, the less stringent
geometrical constraints of carbonyl groups as acceptors com-
pared to the amino groups as donors and the tendency of water
molecules to act as proton donors. This contrasts with the results
of gas-phase investigations on water clusters which indicate that
water is stronger as a proton acceptor (i.e., base) than as a proton
donor (i.e., acidy? Gas-phase investigations of microsolvated
model systems carrying the peptide group but without the
restrictions imposed by the protein structure are of interest to
explain the observed preferences of bound water in proteins.
Formamide (NHCOH) can be considered as a prototype
substrate for such gas-phase studies since it can establish the
same hydrogen bond interactions with water as the backbone
of proteins. Previous microwat®and infrared! studies of
monohydrated formamide detected only the most stable con-
former (la in Figure 1) in which water is simultaneously acting
as a proton donor to the carbonyl group oxygen atom and as a
proton acceptor from the amino group, bridging the peptide
functional group in a close cyclic structure. This conformer can
be taken as a model for the interactions of water withdise
peptide group. However, in nature the amide links within
peptides have mostly trans arrangements, with the amino and
carbonyl groups opposing each other. In such cases water could
form hydrogen bonds through either the carbonyl or the amino
groups as they occur for formamideH,O complexes Ib and
Ic of Figure 1, formed through €0---H—0O or NH---O
interactions, respectively. These conformers have been pre-
dicted? to have much higher energy-(0 kJ mof?) with
respect to the la global minimum and have never been observed.
The present work was addressed to the experimental observation
of all these conformers of formamideH,O to obtain structural
information through the analysis of their rotational spectra.
Hydrogen bond cooperativity has been identified as one
important factor contributing to the stabilization of hydrated
biomolecules? o-Bond cooperativity is associated to chains or Figure 1. Conformers la (up), Ib (center), and Ic (down) of form-
cycles of hydrogen bonds between OH or any other group actingamide+-HzO in their principal inertial axis system.
simultaneously as donor and accept@equential cycles, also
called homodromic, are particularly stable and characterized by group should cause a polarization of the electron distribution,
a shortening of the hydrogen bond distances and an increase ognhancing its donor/acceptor capabilities. In the conventional
hydrogen bond energy.In this context both conformer la of valence bond description, solvation by a water bridge should
monohydrated formamide (see Figure 1) and the predicted globalfavor the ionic resonant form @M*=CO H) of formamide,
minimum of dihydrated formamidé (see Figure 2) can be and the possible effects of the polarization of the electron
considered as models of sequential cycles. A comparison of thedistribution could be detectable as small changes in théC
hydrogen bond structures in these two systems may provideand C=O bond lengths (Chart 1). Despite the fact that the pure
interesting information about the extensionsebond cooper- rotational spectra of dihydrated clusters have been observed only
ativity effects. In additionz-bond cooperativityin the amide in a few exceptional casé$we could extend our study of the
microsolvated formamide clusters to the formamidi,O),

(10) (a) Lovas, F. J.; Suenram, R. D.; Fraser, G. T ; Gillies, C. W.; Zozom, J. complex. Aiming to observe possible structural changes due to
J. Chem. Physl988 88, 722. (b) Fraser, G. T.; Suenram, R. D.; Lovas, F. P 9 P 9

J.J. Mol. Struct.1988 189, 165. the effects of botho- and z-bond cooperativities, detailed
(11) Lucas, B.; Lecomte, F.; Reimann, B.; Barth, H.-D.; Gariee, G.; Bouteiller, i P i ;

V.- Schermann. J-P.: Desfrasis. C.Phys. Chem. Chem. Phy2004 6, information (_)n the structure of formam|de, formamidel,0,

2600. and formamide-(H,0), has been obtained.

(12) (a) Liang, W.; Li, H.; Hu, X.; Han, SJ. Phys. Chem. R004 108, 10219.
(b) Fu, A;; Du D,; Zhou ZTHEOCHEMZOOS 315 325. (c) Chen, W.;
Gordon, M. SJ. Chem. Physl996 105 11081. (d) Jasien, P. G.; Stevens (14) (a) Priem, D.; Ha, T. K.; Bauder, Al. Chem. Phys200Q 113 169. (b)

W. J.J. Chem. Physl1986 84, 3271. (e) Jorgensen, W. L.; Swenson, C. Kisiel, Z.; Bialkowska-Jaworska, E.; Pszczolkowski, L.; Milet, A.; Stru-

J.J. Am. Chem. Sod 985 107, 1489. (f) Del Bene, J. E]. Am. Chem. niewicz, C.; Moszynski, R.; Sadlej, J.Ghem. Phys200Q 112 5767. (c)

Soc 1978 100, 1387. (g) Del Bene, J. E. Chem. Physl975 62, 1961. Kisiel, Z.; Pietrewicz, B. A.; Desyatnyk, O.; Pszczolkowski, L.; Struniewicz,
(13) Saenger, WNature 1979 279, 343. C.; Sadlej, JJ. Chem. Phys2003 119 5097.
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intense spectra, namely formamide, formamidé,O, conformer la,
and formamide+(H20)..
We extended the previous ab initio quantum mechanical calcula-

tionst2 on mono- and dihydrated formamide to predict the molecular
Laneet®” properties relevant to the interpretation of the rotational spectra of the
plausible conformers, like the rotational aHt\ nuclear quadrupole
coupling constants and the electric dipole moments. The results of the
new calculations, conducted with second-order MgllRlesset per-
turbation theory and a Pople’s 6-3&3+G(d,p) basis séf are shown
in Table 1. The counterpoise procedure, including fragment relaxation
energy term3% was used to correct the dissociation enerdigesor
the basis set superposition error (BSSE).

Rotational Spectra and Structure

1. Formamide. The rotational spectra of bare formamide for
the parent and enriched isotopic species were observed be-
fore investigating their water adducts. In this way, the ro-
a tational spectra of the parent, NH'3COH, NH,—COH,
Figure 2. Conformer lla of formamide-(H,O). NDgHa—COH, and NHD,—COH species of bare formamide
were measured with the high accuracy provided by the
MB-FTMW technique. A Watson’s semirigid rotor Hamilto-
The molecular-beam Fourier transform microwave spectrometer niar?!in the asymmetric reduction antirepresentation, plus a
(MB-FTMW), already described elsewhéfewas operated in the  term to account for thé*N hyperfine structuré23was used
frequency range 622 GHz. In this instrument a supersonic jet is g derive the rotational parameters afil nuclear quadrupole
generated by expansion of a gas mixture through a small (0.8 mm ¢q5jing constants. For the parent species the observed frequen-
diameter) pulsed nozzle into the evacuated region between two 55 CMiies were fitted together with those previously repotfé&ach

confocal spherical mirrors forming a microwave FabBgaot resonator. line was given the weight a# according to the estimated
The sample of formamide, a viscous liquid with a boiling point of ca. ) 9 9 9
accuracies:0 = 5 kHz for the new measurement,= 0.1

210°C, its *C and**N enriched samples, and an enriched sample of - g
180 water were obtained commercially. The monodeuterated derivatives MHZ for the previously reported hyperfine components, and

of formamide or water were produced by mixing these compounds with = 0.5 MHz for the nonresolved frequency centers. For other

D;0. To produce a jet expansion with enough concentration of form- isotopic species the observed frequencies were fitted with the
amide, the sample was placed in a heatable nozzle previously de-centrifugal distortion constants fixed to the parent species values.
scribed® and heated te-50 °C. Neon at backing pressures-el—1.5 The obtained rotational parameters are collected in Table 2. The
bar was used as carrier gas for the observations of formamide and itsaccuracy of the new parameters is improved with respect to

isotopomers. The clusters with water were generated by inserting athose previously reported, and in addition the rotational constant
water reservoir in the carrier gas line just before the nozzle and using A is now given for thel3C species

higher (5-7 bar) backing pressures. After the supersonic expansion is

formed, a very short (typically 0.8s, 10-300 mW) microwave pulse

polarizes the species in the jet. The subsequent coherent transienwlth th?se previously reportéd for isotopomers such as
emission due to molecular decay to equilibrium is later recorded in NH,—C'%OH and NH—COD to calculate the; andr structures

the time domain. Typically a ca. 406 length time domain spectrum ~ Of formamide shown in Table 3. It was assumed that the
is recorded in 46-100 ns intervals. The frequency domain spectrum is molecule is planar as indicated by the values of the planar
reconstructed with a Fourier transformation of the free-induction decay, momentP. (= (Il + I, — 10)/2 = i my ¢, which gives the
which yields the resonant frequencies of the rotational transitions. Due mass extension out of thab inertial plane. All of them are
to the collinear arrangement of the jet and resonator axis, each rotationalclose to zero, indicating that the substituted atoms are close to
transition is splitin Mo Doppler components so the resonant frequencies the ab inertial plane and thus that formamide is essentially
are taken.as the arithmetic mean of both components. The frequencyp|anar_ Thers structural analysis was based on the Kraitchman
accuracy is better than 3 kHz. . _ substitution metho&*25which provides the squared coordinates
Prior to collection of the spectra on the microsolvated formamide . . e . . .

) i . . of the substituted nuclei in the principal inertial axis system of
cluster, the lines of formamid&and the water dimétwere monitored. . o .
To obtain intense spectra of formamide it was found necessary to the normal species. The substltut!on coordln_ates, calculated for
distillate the used samples by passing the carrier gas through the€ach atom independently from differences in the moments of
heatable nozzle for abba h before starting measurements. Given this Inertia of the substituted and reference species, are conceived
problem we could only employ the reduced amounts of enriched to partially cancel the zero-point vibrational effects on the
isotopic samples in the investigation of the species having the most moments of inertia. The absolute values of these coordinates

Experimental and Theoretical Methods

The new sets of rotational constants were combined

(15) Alonso, J. L.; Lorenzo, F. J.;'lpez, J. C.; Lesarri, A.; Mata, S.; Dreizler, (19) Gaussian 03revision B.04; Gaussian, Inc.: Pittsburgh, PA, 2003.
)

H. Chem. Phys1997, 218 267. (20) (a) Boys, S. F.; Bernardi, Mol. Phys.197Q 19, 553. (b) Xantheas, S. S.
(16) Blanco, S.; Lpez, J. C.; Alonso, J. L.; Ottaviani, P.; Caminati, WChem. J. Chem. Phys1996 104, 8821.

Phys.2003 119, 880. (21) Watson, J. K. InVibrational Spectra and StructuréDurig, J. R., Ed.;
(17) (a) Brown, R. D.; Godfrey, P. D.; Kleilmer, B.J. Mol. Spectroscl1987, Elsevier: Amsterdam, 1977; Vol. 6, pp-89

124, 34. (b) Hirota, E.; Sugisaki, R.; Nielsen, C. J.; Sgrensen].®lol. (22) Gordy, W.; Cook, R. LMicrowave Molecular SpectraWiley: New York,

Spectrosc1974 119, 251. (c) Kirchoff, W. H.; Johnson, D. Rl. Mol. 1984

Spectrosc1973 45, 159. (d) Costain, C. C.; Dowling, J. M. Chem. Phys (23) Pickett, H. M.J. Mol. Spectrosc199], 148 371

196Q 32, 158. (e) Kurland R. J.; Wilson, E. B., J&. Chem. Phys1957, (24) Kraitchman, JAm. J. Phys1953 21, 17

27, 585. (25) (a) Costain, C. CTrans. Am. Crystallogr. Assod966 2, 157. (b) van
(18) Coudert, L. H.; Lovas, F. J.; Suenram, R. D.; Hougen, J. Them. Phys. Eijck, B. P.J. Mol. Spectrosc1982 91, 348. (c) Demaison, J.; Rudolph,

1987, 87, 6290. H. D. J. Mol. Spectrosc2002 215 78.
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Chart 1. Possible Structural Distortions of Formamide upon Hydration Due to o- or 7-Bond Cooperativity
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Table 1. Ab Initio (MP2/6-311+-+G(d,p)) Molecular Properties of this conformer we have studied the rotational spectra of
the 1:1 and 1:2 Clusters of Formamide and Water seven new isotopomers, nameéfNH,—COH:+-H,0, NH,—
formamide--H,0 formamide- - +(H,0), 13COH:+*H,0O, NDH;—COH:+H,0O, NHD;—COH:--H,0,
la b Ic lla NH,—COH-+-H,180,, NH,—COH:--HyD,O, and NH—

Rotational Constants COH---DyH:O (notation in Figure 1), which were assigned on

AMHz 11076 25971 35288 4405 the basis of predicted isotopic shifts. The spectra of all the
B/MHz 4621 2685 2073 2645 i ithld - = 3

CIMHz 3978 5438 1079 Te6a species with!N (I = 1) and D ( = 1) show the hyperfine

structure due to the nuclear quadrupole coupling interaction

“N Nuclear Quadrupole originated by those nuclei. The small hyperfine effects due to

Coupling Constants

yadMHz 1.38 205 1.60 1.09 the deuterium atom were not considered. The same Hamiltonian
xbo/MHz 2.19 1.91 2.01 2.19 described for formamide was used to derive the rotational
XedMH2z —-3.57  —396 362 —-3.27 parameters anéN nuclear quadrupole coupling constants for
Electric Dipole Momerft the new species. These constants along with those reported
%B (1'3_507 fi‘rl’g _7(')?227 _%%% previously for the parent speci@sre shown in Table 4.
udD —-0.38 -1.33 -0.23 —0.46 Lovas et alO investigate the planarity and hydrogen bond
HrotalD 2.27 3.94 7.23 2.02 parameters of this conformer from the rotational constants of
Energies only the parent species following an effective structurg (
AE/kImort 0. 10.7 12.6 procedure. The rotational constants of the isotopomers inves-
De/kJ molt 355 24.5 20.4 75.6 : . X i
tigated in the present work have allowed us to investigate the
aonly diagonal tensor elements are givel D ~ 3.3356 x substitution structurer{) of the complex and to improve the
10%Cm. effective structure. In agreement with the previous Widrthe

planarity of conformer la of formamideH,O can be deduced

given in Table 3 are only consistent with reasonable structuresfrom the values planar momeRt. As can be seen in Table 4,
for this molecule. The sign ambiguities for larger coordinates || the P, values are nearly zero, indicating that the substituted
were easily resolved by inspection, while for the small atoms are close to thabinertial plane and thus that this complex
coordinates the chosen signs were those yielding the mostjs essentially planar. The small increase of the planar moments
reasonables bond lengths and angles. It is well-known that with respect to bare formamide can be attributed to zero-point
the errors derived from those of the rotational constants are low yiprational effects due to intermolecular motions. The slightly
compared with possible errors arising from vibrationtation largerP, value for the NH—COH:++(DgH.O) isotopomer reveals
contributions. For that reason the uncertaintis, in Table 3 that the atom of water not involved in the intermolecular
were calculated according to Costain fornfaléz = 0.0012/ hydrogen bond can be out-of-plane or involved in a large
|z] A, which takes into account this fact and gives more realistic amplitude intermolecular out-of-plane vibration. The nuclear
errors. coordinates and the substitution structurg ¢f conformer la

Alternatively, the effectiverg) structuré® of the complex was  of formamide--H,0, calculated following the same procedure
also determined from a least-squares fit of all known experi- described above, are shown in Table 5. The poor reliability of
mental rotational constants to determinerhparameters given  therscoordinates, due to zero-point vibrational effects, becomes

in Table 3. apparent for atoms lying near the inertial axes. This is the reason
2. Formamide---H,O: Conformer la. The rotational spec-  for the imaginaryc coordinate of atoms C, N, and,Owhich
trum of the parent species of conformer la of formamid&0, were set to zero taking into account that these atoms should be

already reported® was used to optimize the experimental close to theab plane. The structural parameters involving the
conditions. To obtain more accurate structural information on oxygen atom of formamide in the complex were taken from
the structure of bare formamide given in Table 3. The effective
(26) Rudolph, H. DStruct. Chem1991, 2, 581. (ro) hydrogen bond parametétsof the complex were also
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Table 2. Rotational Parameters of Formamide
NH,—COH NH,—33COH 15NH,~COH ND¢H,~COH NHsD,~COH
AFIMHz 72 716.8847(62) 71 058.2060(88) 72 449.71270 (14) 61 345.5960(81) 71 180.7824(59)
B/MHz 11 373.5814(11) 11 372.5603(16) 11 054.53489(25) 11 009.9115(14) 10 473.4299(11)
CIMHz 9833.8812(11) 9801.8861(16) 9589.817 12(25) 9334.0837(14) 9132.3741(11)
PLu A2 —0.003 596(5) —0.004 362(8) —0.003 534(1) —0.001 492(8) 0.007 047(6)
AflkHz 7.977(26) [7.977] [7.977] [7.977] [7.977]
AjxlkHz —68.96(48) [-68.96] [-68.96] [-68.96] [-68.96]
Ax/kHz 1402.1(18) [1402.1] [1402.1] [1402.1] [1402.1]
dykHz 1.5734(10) [1.5734] [1.5734] [1.5734] [1.5734]
Ox/kHz 35.882(57) [35.882] [35.882] [35.882] [35.882]
Yaa9MHZ 1.9613(34) 1.9663(84) 1.9723(70) 1.9947(52)
xby/MHz 1.8925(51) 1.8979(99) 1.902(10) 1.9084(90)
ZedMHz —3.8538(51) —3.8642(99) —3.875(10) —3.9004(90)
o ¢kHz 5.0 5.6 0.5 6.0 3.8
N 20 12 4 15 9

aA, B, C represent the rotational constarft®lanar momenP; = (la + Ip — I¢)/2= =i m ¢2 ¢ Aj, Ak, Ak, 03, Ok are the quartic centrifugal distortion
constants? yqs (a8 =a, b, or c) are*N nuclear quadrupole coupling parametémns deviation of the fit. For the parent molecule this corresponds to the
lines measured in this work. The rms of the fit including the transitions reported in ref 17c is 128\tinber of fitted transitions. For the parent molecule
this corresponds to the lines measured in this work. In this case a total of 83 transitions including those reported in ref 17c wegtdittatd error in
parentheses in units of the last digit.

Table 3. Substitution Coordinates of Formamide from the
Rotational Data of Table 2 and Derived Substitution (rs) and
Effective (ro) Structures of Formamide

conformers of the 1:1 cluster labeled as Ib and Ic in Figure 1.
A detailed search for the characteristig-type R-branch
transitions around the predictions for the carbonyl-bonded Ib

atom® a b ¢ conformer allowed us to identify thep2— 101, 303 — 202,
c +0.069(17) +0.4075(29) (0.000] and 3 53— 21 - transitions of this new formamiedeH,0 form.
N —1.1462(11) —0.1646(73) [0.000] Th ¢ tended t R-b h
He ~1.1991(10) ~1.1653(10) [0.000] ese measurements were extended to qthéype R-branc
Ha —1.963 36(61) +0.3949(30) [0.000] transitions withK_; = 0, 1 below 21 GHz. The spectrum of
this new conformer was very weak compared to that of the la
5 o conformer. A notable decrease in the intensity of the observed
r(gjﬁ)/’é i-gi’(gy'e 11-%3;%52 transitions was observed in passing frétm, = 0 toK_; = 1
:gN—H)S)/A 1:00(2(%) 0'.998((4% lines. This is probably due to rotational cooling given the large
r(N—Ha)/A 0.990(7) 1.025(7) value of the A rotational constant. All observed transitions
r(C—H)/A 1.106(4y [1.106] exhibited the expecte¥N nuclear quadrupole coupling hyper-
0(C—N—Hy)/deg 118.2(9) 118.8(6) fine structure. Additionally, the hyperfine components of the
ggﬁ—g—g%deg ﬁﬂ%@ 1595-2((38)) transitions 32— 211, 414~ 31,3 and 4 3— 3; ; appeared split
—C=0)/deg . . ; ; ; _
O(N—C—H)/deg 116(2 [116] into resolved doublets with separations of ca—25 kHz

(Figure 3). These small splittings could be originated by
2 Aton _ _ _ rotational transitions from two very close vibrational sublevels.
digit estimated according to Costdn.© Coordinates in square brackets  consjdering this possibility, separate fits for each substate to
constrained to zerd.Error in parentheses in units of the last digit. For the . . . .
ro parameters these are standard errors calculated taken into accountn€ same Hamlltonlar_1 described for formamide were done.
estimated errors of 0.004 A fofC—H) and 2 for O(N—C—H). ¢ Derived These fits gave practically the same parameters so we con-
from the data reported in ref 17bFixed to the corresponding value. strained all spectroscopic constants to have the same values in
both states except for tHeandC rotational constants. The final
results are collected in Table 6. Due to the weak rotational
spectrum, no minor isotopomers could be measured for con-

a Atom labeling as in Figure 2 Error in parentheses in units of the last

determined from a least-squares fit of the 24 experimental
rotational constants of Table 4. In this fit the parameters of both

monomers were assumed unperturbed and kept fixed to theirg, er 1 of formamide+H,0. An unequivocal identification

isolated ro values (see Table 3J. The obtained effective e new species as the carbonyl-bonded conformer Ib resulted
structural parameters, also collected in Table 5, are consistenty o the excellent agreement between the experimental rota-
with those derlvecli from tthS coc;rdlnha}tes arf'ld rli[%pLove the tional and nuclear quadrupole constants with the predicted values
structure previously determined for this conforrif€the errors o initio (Table 1). The utility of the nuclear quadrupole coupling

introduced into thero structural parameters by assuming  .,nctants to discriminate between different conformers has been
unchanged monomer geometries in the complex were eSt'matedemphasized in the study of other multiconformer syst&ms.

from the ab initio predicted structural changes to be roughly The value of the planar momeRg of formamide-H,0 b is
2

one order of magnitude larger than the quoted standard errors. L . :
) . also close to zero indicating that this conformer is nearly planar.
3. Formamide---H,0O: Conformer Ib. Once the transitions

; X Its effective structure was derived from a fit of the rotational
of the most stable conformer of formamiedi,O and its

. : . constants of Table 6 by assuming a planar structure with the
isotopomers were assigned we surveyed the microwave Spec”“”ﬂ)arameters of both formamide (see Table 3) and Watixed

searching for the spectra of the other two higher-energy

(28) (a) Lesarri, A.; Cocinero, E. J.;pez, J. C.; Alonso, J. LAngew. Chem.,
Int. Ed. 2004 43, 605. (b) Blanco, S.; Lesarri, A.; lpez, J. C.; Alonso, J.
L. J. Am. Chem. So@004 126, 11675. (c) Lesarri, A.; Cocinero, E. J.;
Lopez, J. C.; Alonso, J. LJ. Am. Chem. So@005 127, 2572.

(27) Harmony, M. D.; Laurie, V. W.; Kuczkowski, R. L.; Schwendeman, R.
H.; Ramsey, D. A,; Lovas, F. J.; Lafferty, W. J.; Maki, A. G. Phys.
Chem. Ref. Datd 979 8, 619.
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Table 4. Rotational Parameters for Conformer la of the Complex Formamide---H,O

parent NH,~3COH  15NH,~COH  NDH;—COH  NHD,~COH  NH,—COH NH,—COH NH,—COH
+++(H20) +++(H20) -++(H,0) -++(H,0) -++(H280) +++(DpH:0) +++(HpDO)
AYMHz 11 227.9330(23) 11 224.4801(33) 10 925.1667(27) 10 844.4309(24) 10 419.4158(49) 11 221.9584(35) 11 191.9592(21) 11 140.3424(36)
BIMHz 4586.9623(16)  4528.4531(13) 4565.9951(10) 4588.54771(69) 4514.1426(14) 4286.04140(99) 4287.0567(14) 4520.038 65(10)
CIMHz 3258.8277(12) 3228.9331(11) 3222.31874(95) 3226.77112(64) 3151.8641(13) 3103.508 98(94) 3105.3851(14) 3218.021 44(10)
PJuA? 0.054070(52) 0.054865(49) 0.052196(40) ~ 0.060591(29)  0.057 643(62)  0.053 219(45)  0.148 803(60)  0.063 411(11)

AJkHz  7.844(70) [7.844] [7.844] [7.844] [7.844] [7.844] [7.844] [7.844]
AxdkHz 24.24(48) [24.24] [24.24] [24.24] [24.24] [24.24] [24.24] [24.24]
Ax/kHz  [0.0 [0.0] [0.0] [0.0] [0.0] [0.0] [0.0] [0.0]

dj)kHz  2.728(58) [2.728] [2.728] [2.728] [2.728] [2.728] [2.728] [2.728]
S/kHz  [0.0] [0.0] [0.0] [0.0] [0.0] [0.0] [0.0] [0.0]

yadMHz 1.3321(37) 1.3377(69) 1.3571(36) 1.3653(73) 1.3391(52) 1.3457(31) 1.3493(64)
xoo/MHz 2.0371(20) 2.0334(64) 2.0381(20) 2.0485(41) 2.0271(28) 2.0333(17) 2.0413(26)
Ye/MHz —3.3693(96)  —3.371(26) -3.3951(96) —3.415(20)  —3.366(14)  —3.3791(81)  —3.391(14)
olkHz 49 2.6 3.9 8.2 5.7 6.6 6.0

N 15 5 21 21 21 21 21

aparameter definition as in Table 2Rotational parameters of the parent species taken from ref3tandard error in parentheses in units of the last
digit. @ Fixed to zero® Values in square brackets were kept fixed to those given for the parent species in ref 10.

Table 5. Substitution Coordinates of Conformer la of 0
Formamide---H,O from the Rotational Data of Table 4 (Atom 3¢2
Labeling as in Figure 1), and Derived Substitution (rs) and 1 A
Effective (rp) Molecular Structures
atom? a b c
c —1.2001(10) —0.1162(103) [0.01
N —0.7124(17) +1.1326(11) [0.0] 0
Hs +0.2096(57) +1.26468(95) +0.082(14) 1 |43
Ha —1.30190(92) +1.90227(63) —0.062(19) :]
Ow +1.99529(60) +0.1195(10) [0.0]
Hb +2.77013(43) —0.2371(51) +0.3200(37)
He +1.27628(94) —0.5971(20) +0.098(12)
Iy )
r(C=0)/A= [1.231 [1.230]
r(C—N)/A 1.34(2y [1.345]
r(N—Hg)/A 0.939(9) [0.998] T T
r(N—H2)/A 0.971(6) [1.025] 157235 167240
r(Ow—Hy)/A 0.91(3) [0.965] viMHz
r(Ow—Hc)/A 1.02(2) [0.965] Figure 3. The 3 »—2; rotational transition of conformer Ib of form-
amide--H;0. The three hyperfine components due to # nuclear
;g:sgv)%& iéégl()sj 12'83?(11()4) quadrupole coupling interaction (labeled with quantum numbBérs F",
¢ ) ' F =1 + J) present small tunneling splittings (labeled arbitrary 0 and 1)
O(C—N—Hy)/deg 119.6(6) [118.8] separated less than 25 kHz. Each line is observed as a doublet due to the
O(C—N—Hy)/deg 121(2) [119.5] Doppler effect.
0(N—C=0)/deg [124.8] [124.52]
o~ Table 6. Rotational Parameters for Conformer Ib of the Complex
O(He—Ow—Hc)/deg 107(3) [104.8] Formamide---(H20), with Substates Labeled Arbitrarily as 0 and 1
O(N—Hs++Oy)/deg 136.5(8) 139.5(3) 0 1
O(Hs+-Ow—Hc)/deg 78(6) 78.2(6)
0(Ow—He++O)/deg 151(2) 153(1) AMHz 2 26 170.8(61Y
O(Hc--O=C)/deg 107.0(6) 110.3(3) B/MHz 2682.976 53(65) 2682.978 37(68)
P C/MHz 2433.849 92(64) 2433.849 00(63)
7(Hy—Ow—Hc—Hs)/deg 155(6) 165(1) Poju A2 0.015(2)
a Atom definition as in Figure 12 Errors in parentheses in units of the AykHz 7.620(15)
last digit estimated according to Costai¢ Coordinates calculated to have AjklkHz —0.297 06(38)
imaginary values were assumed to be z8ssumed structural parameters Ax/kHz [0.0¢
in square brackets. Values for formamide are taken from the corresponding 0JkHz 1.3691 (133)
column in Table 3. Theo values for water taken from ref 27Error in Ok/kHz [0.0]
parentheses in units of the last digit. For th@arameters these are standard ZadMHzZ 1.8625(22)
f Deri .
errors.! Derived values. o/ MHz 1.7393(39)
. . . . MH —3.6018(39
to theirrg values. The relative position of both monomers in X“Ii z (39)
the complex is then defined by a distance and two angles. Since (,fl/ Hz %‘63

only three rotational constants are available tife---O,)
distance and th&l(Oy-:-HC) angle (see Figure 1 for notation) a Parameter definition as in Table 2Standard error in parentheses in
were fitted whilel(H.Ow+++H) was fixed to the ab initio value units of the last digit® Parameters in square brackets were kept fixed in
. oW . ; T the fit.

The derived effective structure is presented in Table 7.

The small splitting observed for some transitions of this hydrogen atom klhas an out of plane equilibrium position
conformer could arise from a two-fold potential well situation above and below the plarab, it could give rise to a double
with an energy barrier of considerable height. Since the minimum potential function. However, the near zero value of
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Table 7. Effective Structure for Conformer Ib of
Formamide---H,0, Derived from the Rotational Parameters of
Table 6

parameter?

r(Owe+-H)/IA
0(Ow++-H—C)/deg
O(HOw:--H)/deg
r(O-++He)/A
0(C=0---Hc)/deg
0(O-+-H:Oy)/deg

fo

2.715
104.0
[59.1%

1.93Z
102.%
155.4

a Atom labeling as in Figure 2 Value in square brackets taken from
ab initio calculations® Derived values.

the planar momer, indicates that if this situation is true, the
barrier to planarity should be below the ground vibrational state.
The ab initio computations are in agreement with this conclusion
since they predict the equilibrium structure to be slightly
nonplanar with a barrier to planarity below 50 thhA splitting

of the ground vibrational state is commonly observed in
molecular complexes in which water acts as a proton acé&ptor
due to the internal rotation of water about @s axis. Such a

periodic motion exchanges the water hydrogen atoms and thus

the vibrational doublets should show a 3:1 intensity ratio due
to nuclear spin statistical weight effects. The splittings observed
in the present investigation (see Figure 3) show apparently
different intensities, but the spacing between them is close to
the limit of the resolution of our spectrometer where it is difficult
to obtain clean intensities. An exploration of the ab initio
potential energy surface for conformer Ib indicates that such
an internal rotation is a complex motion which involves the
motion of the water molecule out of the molecular plane and
several changes in the angles defining the relative orientation
of both monomers. Nevertheless it is possible to conceive a
two-fold periodic pathway with the maxima at configurations
in which the plane of water is at 9Qvith respect to the plane

of formamide. In this configuration, predicted to be 765@ém
above the equilibrium conformation, water forms a bifurcated
double bond to the carbonyl oxygen while formamide forms a
weak C-H---O hydrogen bond to water. Given the order of
magnitude of the calculated barrier this vibrational motion is
probably at the origin of the observed splittings. However given
its dynamical complexity, we have not attempted to determine
the barrier from the limited set of experimental data.

4, Formamide---H,O: Conformer Ic. New searches were

20.2(_1 0,1

21

3¢2

N

.

~3 MHz

F'«F"
11
|

I
8065 8066

v MHz
Figure 4. The 2 2—1p, rotational transition of conformer Ic of form-
amide--H,O. The water molecule internal rotation doubling (A and B states)
is larger than the““N nuclear quadrupole coupling hyperfine splittings
(F'—F",F=1+J). The nuclear spin statistical effects due to the exchange
of two protons are apparent from the 3:1 intensity ratio. Each component
appears as a doublet due to the Doppler effect.

Table 8. Rotational Parameters for Conformer Ic of the Complex
Formamide---(H20), with Torsional Substates Labeled as A and B

state A state B

A/MHz? [35 288p

B/MHz 2084.6937(141) 2083.6092(141)
C/MHz 1949.7643(136) 1949.3169(136)
XadMHz 1.5073(78)

xbo/MHZ [2.01]

AedMHZ [—3.62]

olkHz® 25

N 26

a parameter definition as in Table 2The A rotational constant and the
xbb and xcc Nuclear quadrupole coupling constants were kept fixed in the
fit to the ab initio values® Standard error in parentheses in units of the last
digit.

show relative intensities with a ratio of approximately 3:1 which

conducted at this point to locate the Ic amino-bonded conformer corresponds to the nuclear spin statistical weight effects of a
of formamide--H,O which is expected to have a large value mqtion which exchanges two protons, plausibly attributable to
of the u, electric dipole moment component (see Table 1). A an internal rotation of water in the cluster. According to this
prediction for the most intengertype R-branch transitions with  mggel the observed vibrational states have been labeléd as
K-1 =0 led to the discovery of they2— 10,1, 303~ 202 and and B. Unfortunately no transitions witt_; > O could be

40,4 3o3transitions of a new conformer. The assignmentwas gpserved in the jet-cooled spectrum for this conformer. As
confirmed with the observation of the 5— 49 4 transition. The occurs for conformer Ib the lines witi_; = 1 are expected to
observed transitions are weaker than those corresponding toye much less intense than those with, = 0 and might be
conformer Ib and exhibited the characteristic hyperfine pattern gfected by larger internal rotation splittings. The observed
due to*N nuclear quadrupole coupling. However, the most {ransitions were analyzed in two independent sets corresponding
significant feature of the spectrum was the observation of an g the two members of the internal rotation splitting with a rigid
additional doubling which produced two identical nuclear qtor Hamiltonian supplemented by nuclear quadrupole
quadrupole patterns separated ca83VHz as shown in Figure  ¢oypling term. The results are given in Table 8. From the limited
4 for the 22 < 1o, transition. The members of the doublet get of gbserved transitions, the rotational constant is not
determinable and thB and C rotational constants are highly
correlated. In fact, only the suB + C can be determined
without ambiguity. In the fit, the rotational constafvtand the

(29) Berden, G.; Meerts, W. L.; Schmitt, M.; Kleinermanns JKChem. Phys.
1996 104, 972. Blanco, S.; Lopez, J. C.; Alonso, J. L.; Ottaviani, P;
Caminati, W.J. Chem. Phys2003 119, 880.
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Figure 5. Potential energy function for the internal rotation of water
molecule in conformer Ic of formamideH,O. Solid line: Function that
reproduces the observed shift of (BC) in going from state A to state B
from flexible model computations. Dotted line: Ab initio (MP2-FC/
6-311++G(d,p)) computed function.

quadrupole coupling constants were constrained to have the

same values in both states and the value#\ofn, and ycc
were fixed to those predicted theoretically. A comparison of

the determined spectroscopic parameters with the predicted

values (Table 1) supports the identification of this new
conformer as Ic.

No minor isotopomers could be measured for conformer Ic.
The B and C rotational constants for this conformer are
reasonably reproduced using the ab initio values of the
intermolecular parametengHg+-0y,) = 2.005 A, ONHO, =
175, OCNH;0,, = 0° with the planes of water and formamide
mutually perpendicular (see Figure 1).

The splitting observed in the rotational lines of conformer Ic
of formamide-water is typical of molecular complexes in which
water acts as a proton acceptdit arises from the internal
rotation of the water molecule around its symmetry axis. Ab
initio calculations predict a periodic two-fold potential energy
function with a barriei/, = 200 cnT. The minima correspond
to the configuration of the water molecule perpendicular to the
plane of the formamide molecule and the barrier to ap-
proximately coplanar configurations, as shown in Figure 5. The
minimum energy pathway for this potential energy function can
be essentially described as an internal rotation of water
accompanied by a small distortion of th&—H---O) distance.

We have used the flexible model of Mey&to estimate the
value of the G barrier from our experimental data. This model
allows the numerical calculation of the rotational constants,
energies, and the wave functions for the overall momentum
quantum numberd= 0, 1 in the ground and vibrational excited

Figure 6. The 2,—1p, rotational transition of conformer lla of form-
amide-+(H20),, showing five hyperfine components due %N nuclear
quadrupole coupling interactiofr'(— F", F = | + J). Each component is
observed as a doublet due to the Doppler effect.

wherea is the internal rotation angle, and, the barrier height

to be determined from the fit oA(B + C). The potential
function takes the valueg¢ = V, for a = 0° or 18C¢ andV =

0 for oo = 90° or 27C. Therg structures of formamide (see
Table 3) and watéf have been assumed. A dynamical model
in which a coaxial arrangement of the- bond and theC,

axis of water is preserved has been considered with the
r(N—H---O) distance varying as described by ab initio computa-
tions according tar(a) = 2.045 — 0.0198[1— cos()] —
0.0033[1— cos(4)] A.

The valueV, = 117 cnt! reproduced the experimental value
A(B + C) = 1.53 MHz for this model. The calculated energy
spacing between the observed A and B states is 2.13.crhe
corresponding potential energy function is shown in Figure 5.
However, given the reduced set of experimental data available
it should be considered only as an estimate.

5. Formamide--+(H20),: Conformer lla. The rotational
spectrum of the formamide(H,O), complex was searched on
the basis of the ab initio spectroscopic parameters of Table 1.
A set of eight us and oneup-type R-branch transitions
attributable to this species were found close to the predicted
frequencies. The observed transitions exhibited the expected
hyperfine structure due to ®N nuclear quadrupole coupling
interaction (Figure 6), but no tunneling splittings were observed.
The rotational spectrum could be analyzed with the same
Hamiltonian described for formamide. The rotational constants
and the diagonal elements of the nuclear quadrupole coupling
tensor were determined along with four quartic centrifugal
distortion constants. These measurements were later extended
to nine monosubstituted isotopomers of the cluster, namely
NH;—COH:++(H,0);,  NH;—13COH:++(H,0);, NDgHa—
COH:++(H20),, NH,—COH:++(H,!80,,)(H2,0), NH,—COH:-
(DpHO)(H0), NH;—COH-++(H,D0)(Ho0), NH,—COH:--

states. From the observed rotational transitions only the value y,0)(H,180,), NH,—COH:-++(H,0)(DgHO), and NH—

of (B + C) is unambiguously determined so we have chosen
the observed shift off + C) in going from state A to state B,

COH-++(H20)(H4¢DO) (see notation of Figure 2), which con-
firmed the observation of conformer lla. The spectroscopic

A(B+ C) as the experimental parameter to be fitted. We adopted parameters of the parent and the three isotopomers correspond-

the simplest form of a two-fold potential:

V(a)=",V,[1 + cos(2x)] 1)

(30) Meyer, R.J. Mol. Spectroscl976 76, 266.
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ing to substituted positions of formamide are given in Table 9,
while those corresponding to monosubstituted species of the
two water molecules are listed in Table 10.

The formamide-(H,O), spectrum has roughly half the
intensity of that ot formamide-H,O, conformer la, but it is
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Table 9. Rotational Parameters for Conformer lla of the Complex Formamide---(H20), for the Parent Species and Isotopomers with

Substitutions Located on the Formamide Subunit

parent NH,—'3COH-++(H,0), NH,~COH +++(H,0), NDgH,—COH-++(H,0),
AIMHz 2 4384.3559(50) 4384.3493(25) 4334.6691(20) 4321.9095(33)
B/IMHz 2630.4957(16) 2590.069 90(52) 2611.206 93(44) 2630.4276(31)
CIMHz 1651.1140(13) 1635.098 80(34) 1636.470 57(26) 1642.262 44(72)
Pdfu A2 0.654 08(24) 0.654 503(85) 0.654 872(68) 0.664 44(22)
AJkHz 2.08(68) [2.08] [2.08] [2.08]
AgdlkHz 16.3(3.8) [16.3] [16.3] [16.3]
Ax/kHz [0.0F [0.0] [0.0] [0.0]
5/kHz 0.565(152) [0.565] [0.565] [0.565]
SulkHz 18.1(5.7) [18.1] [18.1] [18.1]
YadMHz 1.0739(34) 1.0608(69) 1.0467(168)
Yo/MHzZ 2.0063(45) 2.0220(101) 2.0141(208)
% MHzZ —3.0802(45) —3.0828(101) —3.0607(208)
olkHz 3.9 4.0 2.0 5.1
N 37 20 8 13

aparameter definition as in Table '2Standard error in parentheses in units of the last digialues in square brackets were kept fixed in the fit.

Table 10. Rotational Parameters for Conformer lla of the Complex Formamide--+(H,0), for Isotopomers with Substitutions Located on the
Water Subunits

NH;~COH-++(H;%0)(H,0)  NH;~COH-++(DyH0)(H;0)  NH,~COH-+*(H;D0)(H;0)  NHz=COH+-+(H,0)(H,%0,)  NH;=COH-++(H,0)(DgHe0)  NH;~COH-++(H,0)(HsD<0)

AIMHz2  4257.8773(40) 4267.0569(37) 4380.5341(46) 4258.4216(31) 4313.5588(35) 4230.0411(31)
B/MHz 2550.8117(12) 2554.0717(29) 2582.1595(36) 2558.178 03(94) 2625.2749(24) 2575.6094(23)
CIMHz 1601.768 73(42) 1609.035 94(50) 1631.645 17(66) 1604.741 85(33) 1639.015 99(51) 1611.427 73(41)
PJu A2 0.652 20(14) 1.110 59(26) 0.656 47(25) 0.651 64(11) 0.661 40(18) 1.034 57(17)

AJkHz [2.08F [2.08] [2.08] [2.08] [2.08] [2.08]

AxlkHz — [16.3] [16.3] [16.3] [16.3] [16.3] [16.3]

Ax/kHz [0.0] [0.0] [0.0] [0.0] [0.0] [0.0]

5/kHz [0.565] [0.565] [0.565] [0.565] [0.565] [0.565]

dx/kHz [18.1] [18.1] [18.1] [18.1] [18.1] [18.1]

%edMHz  1.0493(91) 0.9975(193) 1.0447(234) 1.0754(75) 1.0717(181) 1.0575(123)
yoo/MHz — 2.0142(147) 2.0295(238) 2.0334(290) 2.0009(121) 2.0286(225) 2.0108(177)
ye/MHz — —3.0634(147) —3.0269(238) —3.0782(290) —3.0763(121) —3.1002(225) —3.0684(177)
olkHz 6.4 5.9 7.2 5.2 55 5.0

N 21 17 16 21 16 18

aparameter definition as in Table 2Standard error in parentheses in units of the last digialues in square brackets were kept fixed in the fit.

more intense than those of conformers Ib and Ic. Taking into formamide--(H,0), exhibits C; symmetry. The structure was
account the predicted values of the electric dipole moment determined following the same steps as those for form-
components for all these species (see Table 1), the observecimide--H,O, conformer la. According to ab initio predictions,
intensities indicate that formamide(H,0), is the second most  an up-down configuration of the complex, with the hydrogen
abundant formamidewater complex in the postexpansion. It atoms of water molecules not participating in the intermolecular
is difficult in this case to establish a relation between populations bonds lying out of the formamide plane in opposite sides, has
in the jet and relative stability since the formation of the 1:2 been assumed. The nuclear coordinates and the derived
complex is kinetically less probable than any of the 1:1 substitution £s) structure are shown in Table 11, where they
complexes. If we admit that complexes are formed after three- can be compared with the alternative effectivg) Gtructure.
body collisions in the initial stages of the supersonic expansion, The latter has been determined under the assumption that the
it is highly probable that the formation of the 1:2 observed monomers do not change upon formation of the complex, and
complex requires a formamidavater la complex and a second  so the geometries of formamide (see Table 3) and Watare
water molecule as collision partners. In any case the experi- fixed to theirrg values. As for conformer la the errors introduced
mental intensities indicate that formamietéH,0), should be into the ro structural parameters by assuming unchanged
very stable. The calculated dissociation energies predict thismonomer geometries in the complex were estimated from the
complex to be more stable than any of the 1:1 adducts (seeab initio predicted structural changes to be roughly one order

Table 1).

The structure of conformer lla of formamidgH,0), was
derived from the set of 30 rotational constants given in Tables
9 and 10. Initial inspection of thé. planar moments, using the

of magnitude larger than the quoted standard errors.
Discussion

The conformational preferences of monohydrated form-

same arguments raised with conformer la, revealed that all atomsamide--H,O are dominated by the bridged structure of con-

of conformer lla of formamide-(H,O), are essentially on the

former la, predicted to be the global minimum. In this con-

same plane with the exception of the two hydrogen atoms of former, the water molecule spans the peptide group of forma-
water not participating in the intermolecular hydrogen bonds mide with two intermolecular hydrogen bonds{MN---O,,(H)—

(Hp and H in Figure 2), for which deuteration produces a H---O=C), linking the donor and acceptor hydrogen-bond sites.
noticeable P; increment. In consequence conformer Ila of A similar water solvent bridge has been observed using
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Table 11. Substitution Coordinates of Conformer lla of

Formamide--+(H,0), from the Rotational Data of Tables 9 and 10,

and Derived Substitution (rs) and Effective (ro) Structures

atom? a b c
C —1.739 31(69) [0.0]¢ 0.021(57)
N —1.1897(10) +1.1685(10) [0.07
Hs —0.072(16) +1.290 34(93) —0.103(12)
Ow +1.712 51(70) +1.374 21(87) [0.0]
Hb +2.263 71(53) +1.704 38(70) —0.6952(17)
He +1.895 19(63) +0.2869(42) +0.1515(79)
(o} +1.629 36(74) —1.366 55(88) [0.07
Hqg +0.6064(20) —1.380 28(87) —0.087(14)
He +1.882 36(64) —2.005 09(60) +0.6351(19)
parameter? Is o
r(C=0)/A [1.231 [1.231]
r(C—N)/A 1.29(7F [1.344]
r(N—Hg)/A 1.13(2) [0.998]
r(Ow—Hp)/A 0.95(3) [0.965]
r(Ow—Hc)/A 1.11(2) [0.965]
r(Oy—Ha)/A 1.027(5) [0.965]
r(Oy—Hg)/A 0.94(3) [0.965]
r(Hs+-Ow)/A 1.79(2) 1.936(5)
r(He++Oy)/A 1.681(6) 1.829(4)
r(Hg+-O)/A 1.764(4) 1.797(8)
r(Oy+++On)/A 2.742(2) 2.755(3)
0(C—N—Hy)/deg 121.3(2) [118.8]
0(N—C=0)/deg [124.8] [124.52]
0O(Hp—Ow—Ho)/deg 110(2) [104.8]
O(Hs—Oy—He)/deg 109(2) [104.8]
O(N—Hs++Oy)/deg 171(4) 178.9(3)
O(Hs--Ow—Hc)/deg 97.2(3) 97.6(7)
0(Ow—Hc+-0y)/deg 157(2) 160(1)
O(He**Oy—Hg)/deg 100.2(4) 99(1)
0(Ov—Hg-+-O)/deg 168(3 171(2)
O(Hg+-O=C)/deg 130(2) 130.2(8)
7(Hy—Ow—Hc++Hg)/deg —127(3) —130.8(7)
7(He—Oy—Hg*+H)/deg 128(1) 136(2)

aAtom definition as in Figure 22 Errors estimated according to
Costain?® ¢ Coordinates calculated to have imaginary values are assumed
to be zerod Assumed structural parameters in square brackets. Values for
formamide are taken from the corresponding column in Tablg Balues
for water taken from ref 27 Error in parentheses in units of the last digit.
For thero parameters these are standard errdierived values.

rotational spectroscopy for glycineH,0 3! where water closes

a cycle with the carboxylic group of glycine. The investigation
of seven new isotopomers in the present work has provided
accurate rotational parameters, allowing the determination of
the structure of the intermolecular hydrogen bonds in conformer
la of formamide--H,O and the most detailed description of the
solvation of thecissamide group available. The comparison of
the intermolecular hydrogen bond parameters given in Table 5
confirms that the Q—H--O=C hydrogen bond distanceq(

= 1.93(1) A) is shorter than that of theNHg++O link (rg =
2.061(4) A). In the same way, the ©&H--O=C bond
(O(Ow—Hc+-O) = 153(1Y) is closer to a linear arrangement
than N—Hg--Oy, (O(N—Hg--O,) = 139.5(3}). If the bond
distances and the nonlinearity angles are related to the hydroge
bond strength, the structural data of this work indicate that the
intermolecular hydrogen bondG-Hc:--O=C is the dominant

interaction. The same structural arguments have been used in

the complex glycinewatef! to show that the ©H---O,

interaction, where water acts as a proton acceptor, is dominant

(31) Alonso, J. L.; Cocinero, E. J.; Lesarri, A.; Sanz, M. E.pep, J. CAngew.
Chem., Int. Ed2006 45, 3471.
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over the QH---O=C interaction. It is also interesting to note
that thed(Hc---O=C) angle of 110 (see Table 5) is smaller
than the angle of 120at which the axes of the 3pone pairs

of the carbonyl group are expected to occur. This distortion
can be attributed to the existence of the secondHy:-Oy
hydrogen bond and reflects the well-known angular flexibility
at C=0 acceptor oxygen atonis.

The two new higher energy conformers Ib and Ic of
formamide--H,O, observed for the first time in gas phase, can
be thought to model the two types of peptideater inter-
actions that may coexist iimans-peptide groups. Conformer Ib
is characterized by a carbomylvater bonded interaction
OwHc*+*O=C (r(C=0:--Ho)= 1.932 A) reinforced by a longer
weak C—H---O,, hydrogen bond (ab initio(C—H---O,,)= 2.715
A). The distortion of thed(H¢--O=C) angle (102.4, see Table
7) from the expected 3plone-pair configuration is also
noticeable and could be taken as proof of the existence of a
secondary weak €H---O hydrogen bond. In conformer Ic,
water acts only as a base and formamide acts only as an acid to
form a N—Hg--O, hydrogen bond.

The splittings observed in the spectra of confomers Ib and
Ic of formamide-(H,0) (see Figures 3 and 4) are attributable
to a motion of water which exchanges its hydrogen atoms. In
conformer Ic the internal motion can be described in a rather
simple way using a two-fold periodic energy function and a
simple dynamical model that can be described as the rotation
of water around it€; axis. Using this model a two-fold barrier
of 117 cnt! has been estimated from the experimentally
observed data (see Figure 5). This low barrier is proof of the
lack of noncovalent interactions, other than the-fk---O,
hydrogen bond, in this conformer. For conformer Ib this internal
motion is dynamically more complex and hindered by a larger
two-fold barrier predicted from ab initio calculations to be 765
cm~L This result is consistent with the fact that conformer Ib
is stabilized by a weak-€H---O and a G-H---O=C hydrogen
bond. In passing to conformer la, where the strength of the
N—H---O is increased with respect to the-€l---O hydrogen
bond, the barrier to internal rotation of water should increase
consistently with the fact that no splittings are observed in the
rotational spectrum of this form.

On the basis of the relative intensities of the observed
transitions, and taking into account the calculated electric dipole
moment components (see Table 1), it can be concluded that
conformer Ib, dominated by a,©-H---O=C interaction, is more
stable than conformer Ic formed through aN---O,, hydrogen
bond. This result is in good agreement with the conclusions on
the relative strength of these types of hydrogen bond in
conformer la and with the observation that bound water
molecules establish preferentially hydrogen bonds to the peptide
carbonyl groups in globular protei§he results presented here
suggest the following: (i) the basicity of the=<€®© group should

rE)Iay an important role in driving the different amideater

interactions; (ii) the angular flexibility at the=€0 acceptor
oxygen atoms allows satisfaction of the multiple acceptor
capacity of water that can form other hydrogen bonds that
reinforce the G-H---O=C bond. In this way water will prefer

to accept the hydrogen bond from a moderate acid like the NH
donor, but if these are not available, it will resort to forming

weak C—-H---O hydrogen bonds. This is not in conflict with
the observations that in the gas phase water is known to be a
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better proton acceptor than dorféras it has been recently
confirmed in the glycinewater complexX! In fact water exhibits

formamide--H,O have been taken as reasonable approximations
to the energies of the isolated,©Hg--O and N—Hs -0y

its acceptor capacity in all observed complexes. In conformers hydrogen bonds, respectively, and the dissociation energy of

la and Ib water is playing a double donor/acceptor role, while
in conformer Ic it seems to act only as an acceptor.

The observed conformer of dihydrated formamiel@,0),
is a larger solvent-bridged structure with two water molecules

the water dimer calculated at the same level (19.3 kJ #hals
the energy of the isolated,2-H¢:--O,. The sum of these three
energies, 64.3 kJ mol, is smaller than that calculated for the
formamide-+(H,O), complex of 75.6 kJ moft. The difference

spanning the cis-amide group with three intermolecular hydrogen in energy could be in fact greater than 10.3 kJ mhalince the

bonds (N-H---Oy(H)—H---Oy(H)—H---O=C). lIts structure

energy of the conformer Ib of formamideH,O includes the

corresponds to what has been called a “chemically substitutedcontribution of a weak €H---O hydrogen bond. This increment

water trimer®2 with the nonbonded hydrogen atoms of water
adopting an up-down configuration similar to that found in
related complexes4The hydrogen bonds appear to be stronger

of the energy of the cyclic sequential set of three hydrogen bonds
with respect to the sum of the energies of three isolated hydrogen
bonds should be attributed tebond cooperativity.

than those observed in the 1:1 adducts, since they are character- Resonance-enhanced ar-cooperativity should cause a
ized by shorter bond distances and almost linear angular polarization of the amide group-electron distribution, promot-

structures. This stability, also reflected in the relative intensities

ing the ionic resonant form M+*=CO~H of formamide and

of the observed spectra, can be seen as a consequence @nhancing its donor/acceptor capabilities. Manifestations of

hydrogen bond cooperativitg-Bond cooperativit§ occurs for
continuous chains or cycles of hydrogen bonded functional

m-bond cooperativity should include reinforcement of the
N—H---O and OH--O=C bonds and small changes in the

groups possessing both donor and acceptor properties. TheC—N and G=0 bond lengths that would tend to increase the

adducts of formamide-H,O la and formamide-(H,O), can
be considered as cyclic sequerffalomplexes since in both of

C=0 bond and to shorten the-€N bond distance (see Chart
1). Our ab initio computations predicf{C—N) = 1.369, 1.354,

them water and formamide act as proton donors and protonand 1.348 A andrg(C=0) = 1.219, 1.226, and 1.229 A,
acceptors and close a cycle in a sequential way. These cyclegespectively, in formamide, formamideH,O la, and form-

are particularly stable and are characterized by a shortening ofamide--(H,O), lla. Though the lack of isotopic substitution on
the hydrogen bond distances and an increase of hydrogen bondhe carbonyl oxygen precludes an accurate comparison of the

energy with respect to typical values (see Chart 1). The
experimental information reported in the present work reflects
vividly the reinforcement of the hydrogen bonds in passing from
conformer la to formamide:(H20),. The ro(N—H-+-O) hy-
drogen bond distance reduces from 2.061(4) A to 1.936 (5) A,
and thero(O—H:+-0O=C) distance, from 1.93(1) A to 1.797(8)
A. On the other hand the hydrogen bonds in formamide
H,O are markedly nonlineard(N—Hg--O,) = 139.5(3Y,
O(Ow—Hc++O) = 153(1¥), while in formamide:-(H,O), these
are close to a linear arrangement(—Hg--O,,) = 178.9(3},
O(Oy—Hg-+O) = 171(2Y). This reinforcement of the hydrogen
bonds is also strongly evident from the comparison of the
distancer¢(0,—0y) = 2.755(3) A in formamide+(H,0), with

that reported for the water dimeg(O—0) = 2.98 A33In fact,
formamide--(H,O), has more similarities with the water trimer,
and itsro(O,—0y) distance is comparable but still shorter than
ther(O—O0) distance of 2.84 A established for the water trimer
in the gas phas®.This shortening of the(O—0) distances in
passing from the water trimer to formamielH,O), may also

C=0 distances, valid conclusions can be obtained from a
comparison of the €N bond lengths in formamide on
formation of the water bridges. Thestructural data from Tables

3, 5, and 11 do not reveal detectable changes within our error
limits (rs(C—N) = 1.34(2), 1.34(2) and 1.29(7) A, respectively,
in formamide, formamide-H,O la, and formamide-(H,0),

Ila). In any case, the possible bond length distortions (if they
take place as predicted from ab initio computations) should be
limited to changes below these experimental errors.

In conclusion, this study has proved that the microsolvated
clusters of formamide constitute excellent models to explain
the observed preferences of bound water in proteins and to
investigate the effects of hydrogen bond cooperativity. This work
will be extended soon to other molecules carrying the peptide
group in order to get more insight on these interesting problems.
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formamide with respect to water. To see if the ab initio energies
also reflect the reinforcement of the hydrogen bonds we have

compared the dissociation ener@¢ = 75 kJ mof? of the
formamide--(H,0), complex with the energies of its hydrogen

bonds. The dissociation energies of complexes Ib and Ic of
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