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The amide N-phenyl formamide (formanilide), and its water clusters have been studied in a jet expansion
using laser-induced fluorescence excitation and mass-selected, resonant two-photon ionization (R2PI)
techniques. The isomer with a trans configuration of the amide group (defined in Figure 1) is identified
through analysis of the partially resolved contour of its-SS, band origin. lon-dip “hole-burn” spectra of

the nonplanar cis isomer contaithersymmetricor antisymmetric components of low-frequency progressions,
providing evidence of a double-minimum ground state potential. Excited-state vibrations at 76 and 152 cm
which are strongly FranekCondon active, show evidence of Duschinski mixing of the ground-state modes
including Ging—N torsion. Water clusters have been observedtfans-formanilide only: two distinct 1:1
hydrates, two 1:2 hydrates, and a complex with at least four bound water molecules. (The cis isomer is also
expected to form extremely stable complexes with water, but none have been detected experimentally in the
present study.) The observed clusters are assigned using spectroscopic data, including band contours, to
structural alternatives computed ab initio at the HF/6-31G* level. The 1:1 hydrates are assigned to a cluster
in which water binds at the NH site and one in which water binds at the HCO site. In the 1:2 clusters, the
addition of a further water molecule to each of the 1:1 clusters results in cyclic hydrogen-bonded structures,
with the water dimer bridging between proton donor and proton acceptor sites of the host. The interactions
are HCO:-HOH and OCH-:OH; in one case and N#++OH, anding"*HOH in the other. At the MP2/6-
31G*//HF/6-31G* level, these structures are ca. 10 kJtholore stable than the nearest competitor, in part
because of cooperative effects. The R2PI spectrum of the NH bound 1:2 cluster “C” is very similar to that
of the indole(HO), complex assigned by Zwier and co-workétsts origin is red-shifted 482 cnt from
trans-formanilide, and the electronic transition excites long intermingled vibrational progressions with
frequencies of 29, 38, and 51 cin

1. Introduction bridged supranolecular structures to both its 1:1 and 1:2

Inter- andintramolecular hydrogen-bonded interactions are nydrates, isolated in the low-temperature environment of a free-
a universal feature of biomolecular architectures, influencing J&t €xpansion. Small changes in the R and C=0 bond lengths

their electronic charge distributions, conformational landscapes, IMPly @ polarization of the electron distribution in the hydrated
andsupramoleculastructures. There is a subtle balance between @Mide group-

intramolecular andntermolecular bonding, for example, be- Until recently, this exploration of the correlation between the
tween an amide group and neighboring groups on a peptidesupranolecular structures of the clustered water molecules and
chain, or an amide group and neighboring solvent molecules, the conformational and electronic structures of the organic
such as water. In reaching the balance, their individual contribu- molecules to which they were bound, represented a unique study.
tions need not be additive; cooperative interactions may make The incorporation of the amide group in the cyclic structure of

the whole more than the sum of the pdrts. 2-pyridone, which forces it into a cis configuration, makes it
Although there are glethoraof theoretical prediction;3 an even more special case. In the absence of the cyclic
usually based upon SCF calculations, of the prefestgatamo- constraint, the trans configuration would have been preferred.

lecular structures of hydrated amide groups, experimental In N-phenyl formamide (formanilide), the cis and trans con-
measurements have almost always been indirect. Typically, theyfigurations have comparable stabilities; both can be isolated in
have been based upon a theoretical interpretation of the@ free jet expansion and their (unhydrated) structures have been
infrared45 resonance Raméror NMR”# spectra of model ~ €xplored recently by Cable and co-workétsResonantly,
systems such as formamide (the simplest exampleY:alky! enhanced two-photon ionization (R2PI) spectra, recorded at
or N-phenyl amide-water clusters, either isolated in a matrix Vibrational resolution only, but supported by ab initio and
or dispersed in an aqueous solution. Direct structural investiga- Semiempirical calculations, allowed them to assign planar and
tions of isolatedhydrated amide clusters are hard to find. but twisted equilibrium geometries, respectively, to the trans and
some notable exceptions are studies of the formamide watercis amide configurations, as defined in Figure 1.

cluster by microwave spectroscdpand of the cyclic amide, In general, free jet expansion, coupled with LIF or R2PI
2-pyridone, by laser-induced fluorescence excitation (LIF) spec- detection and rotational band contour analysis, provides a
troscopy® This latter study, conducted at rotational levels of powerful strategy for probing both conformational asupra
resolution by Held and Pratt, has enabled the assignment ofmolecular structuré?-16 |t becomes even more powerful when
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The paper is organized as follows. The analytical and
experimental procedures are described in section 2, and new
experimental data for the isolated isomers of formanilide are
presented and analyzed to provide secure structural assignments
in section 3. Electronic spectra of a number of singly, doubly,
and multiply hydrated clusters of (trans) formanilide are
presented in section 4, and structural assignments are proposed
in light of ab initio calculations, rotational band contour analysis,

= vibrational analysis, and the interpretation of the observed
spectral shifts. Section 5 provides a commentary on the results
and their significance in a wider context.
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{3 1t 2. Analytical and Experimental Procedures

2.1. Molecular Orbital Calculations. Possible structures of
Irers cis formanilide and its 1:1 and 1:2 water clusters were explored
by performing a series of ab initio molecular orbital calculations
Figure 1. Isomers of formanilide predicted by MP2/6-31G* calcula- using Gaussian %8 as follows.
tions. (i) A set of starting geometries was generated for formanilide

it is reinforced by ion-dip spectral “hole-burning” experiments, and its clusters. The fo_rmanilide molecule_was given a planar
in the ultraviolet” and/or in the infrared®1® Mass-selected  arrangement of the amide bond, for both cis and trans isomers,

detection permits the identification of size-selected hydrated While the dihedral angleczcincwas varied to allow both planar

clusters (as well as their molecular hosts), while the “hole- and nonplanar molecular structures. For 1:1 water clusters, the
burning” experiments enable their spectral features to be geometry of the host molecule was initially set to each optimized
separately isolated. Structural assignments can be achievedtructure attained in the absence of any solvent molecules. A
through analysis of the rotational and/or vibrational band Set of structures was then generated in which a water molecule

contours of the isolated features, aided crucially by the predic- Was bound to the NH hydrogen, or to “lone pair” sites of the

tions of ab initio computation. carbonyl group, or at bridging sites between the amide group
Over the past few years, we have exp|0ited these Strategiesand then-system of the rln-g..|n|t|a| structures for 1:2 ther

to determine the conformational arstipranolecular hydrate clusters were based on optimized 1:1 structures for the cis and

structures of the carboxylic acid 3-phenyl propionic &ithe trans isomers. The second water molecule was either connected
neurotransmitter 2-phenylethylamine together with 2-phenyl solely to the first via a “linear” hydrogen bond, located at one
ethanot*22 and its p-hydroxy derivative, the antioxidant- of the alternative amide binding sites, or inserted into the cluster

tyrosol2® and the enzyme inhibitor, 4-phenylimidazole (4-P1), to allow a cyclic hydrogen-bonded network, with a-8 site

and its tautomer, 5-PF In each of these molecules, the benzene acting as a proton donor, for example. Extensive testing of

(or phenol) ring provides the optical “antenna” (through the S  different starting geometries was performed to locate all potential

— S, = — r* transition), and the flexible side chain provides ~Minima associated with two water molecules bound to the amide

the conformational variety. Conformational and structural as- 9roup.

signments have been greatly facilitated by the discovery of a (i) Each geometry was then submitted to full ab initio

strong sensitivity of ther — z* electronic transition dipole optimization at the HF/6-31G* level of theory. In cases where

orientation, reflected in the rotational band contour, to the con- only one of the hydrogen atoms of the water molecule was

formation and “chemical” structure of the side chain and to its bound to the host, the other hydrogen atom was rotated stepwise

local molecular environment, e.g., the local hydration sHefl? by 120 about the molecular OH axis and the resulting structure
In the present work, the strategies are used to explore andwas reoptimized to find any further local minima.

characterize the conformational and supramolecular hydrate (iii) Force fields were calculated at the HF/6-31G* level for

structures of the model peptide formanilide. The new work each optimized structure, to ensure that they represented true

enhances and greatly extends the earlier studies reported byotential minima and to obtain zero-point energy corrections.

Cable and co-worker$,to include: (a) the structural assignment (iv) Basis set superposition errors (BSSE) were calculated

of its (planar) trans isomer, based upon a rotational analysis ofto include the fragment relaxation energy,

its S < S origin band contour, aided by high-level ab initio

computation, (b) a selective spectral “hole-burning” experiment — ¢ = B _ paup

which signals the splitting of the zero-point level of the (twisted) Egsse= Eas(A) — Eag (A) + Epg(B) — Epg’(B) (1)

cis isomer into symmetric and antisymmetric components by

potential barriers along the torsional and bending coordinates, Eps (A) is the electronic energy of fragment A in the

located at the coplanar configuration, and (c) a revised geometry of the complex AB with the complex basis ef3.

vibrational analysis of the low-frequency progressions observed (v) MP2/6-31G* single-point calculations were performed

in the ultraviolet spectrum dfis-formanilide, again supported  using the HF/6-31G* optimized geometry. The two stable

by ab initio computation. molecular conformations were also reoptimized at the MP2/6-
Most importantly, rotational and/or vibrational band contour 31G* level.

analyses and ab initio calculations have enabled assignments (vi) Ground state structures were subsequently optimized for

to be reported, for the first time, of the supramolecular structures the first electronically excited singlet state, at the CIS/6-31G*

of isomeric pairs of singly, and doubly, hydrated clusters of level of theory, to yield sets of rotational constants for the

transformanilide, distinguished through fluorescence excitation, electronically excited Sstate of each isomer, together with the

mass-selected R2PI and ion-dip, ultraviolet hole-burning spec- magnitudes and directions of the § S transition moment

troscopy. (T™).
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2.2. Mass-Selected R2PI, lon-Dip Hole-Burning, and LIF TABLE 1: Molecular Parameters Predicted from HF/
Spectroscopy. Mass-selected, one-color R2PI spectra were 6'31G*1_|'_\(/]||P2/6'3f1(3*: and CIS/6-31G* Calculations on
recorded at low resolution (ca. 0.5 cHiusing a YAG-pumped, ~ -ormanilide Conformers

frequency-doubled dye laser (LAS) operating at wavelengths t-FA c-FA
ca. 270-290 nm. Jet-cooled samples were introduced through E,e?/kJ mol? 0.2 0.0

a pulsed nozzle helium expansion system (General Valve, series 72 (C.CINC,)/ded 0.0 42.6

9, 0.5 mm orifice, stagnation pressure-£2 bar, sample 73 (C.CINC;)/deg 0.0 6.5
temperature 356390 K), and the ion signals were detected via g;m:z ﬁgg'g 3%46'5
a differentially pumped time-of-flight mass spectrometer (R.M. C,,/MHi 884.6 7951
Jordan). When required, water vapor was incorporated into the A'/MHz 4183.2 4943.2
gas flow via a bypass system. Hole-burn ion-dip spectra were B'/MHz 1118.4 949.3
recorded using a double resonance optical configuration. The C'/MHz 882.5 798.0
burn laser radiation was provided by a YAG-pumped laser IR x1G%¥Crrt 2.54 2.52
(Lambda-Physik, FL3002) which was scanned through the band /é:,:{jcbj é’éf 13‘2'%7'0 figf'l

origin region; the second, counterpropagating “probe” laser
(LAS), delayed by 260 ns, was tuned to a series of fixed #MP2/6-31G*+ 0.9(zero-point correction). Correction taken from
frequencies associated with selected features in the R2p|HF/6-31G* calculation” S, interplane torsional anglé.S; interplane

. . torsional angle (8 calculations at CIS/6-31G* levely.Transition
spectrum. F!nally, L'IF spectra were re.corded at higher resolu- parameters calculated ag BIP2/6-31G* optimized geometryiees is
tion, to provide partially resolved rotational band contours, by gefined as the TM rotation angle in the plane of the benzene ring, away
etalon-narrowing the frequency-doubled, excimer-pumped, dye from the short axis. A positive rotation represents an anticlockwise
laser output to a line width ca. 0.08 cfand substituting an ~ movement.
optically filtered photomultiplier for the mass spectrometric
detection system. The nozzle diameter employed in these
experiments was 0.8 mm.

2.3. Rotational Band Contour Analysis. Simulated band
contours, based on a rigid, asymmetric rotor Hamiltonian, were
fitted to experimental contours using a program based on
correlation analysig®?7 It uses a simple golden section search
routine to optimize the values of the rotational constants (A
B)" and (A—B)’, B", and (B-C)", the rotational temperature, :
and the experimental resolution, by maximizing the value of
the correlation coefficient with respect to each parameter in turn.
B" and (B-C)" were constrained to the ground-state values,
since the experimental band contours were recorded at a 35000 35500 36000 36500
resolution insufficient to allow determination of all six rotational wavenumber/cm'
constants. A two-dimensional simplex method was employed gigure 2. Upper trace: Mass-selected one-color R2PI spectrum of
to optimize the band hybrid character, with the two optimization formanilide under nonclustering jet conditions. Lower trace: R2PI hole-
parameters being the proportions afand b/(b + ¢) type burning spectrum, probing depletion of the peak labeled “B”.
character.

spectrum under nonclustering conditions, confirming their
association with a single molecular conformer. The rotational

3. Formanilide contour of band “B”, obtained by fluorescence excitation, is
shown in Figure 3, together with contours predicted from ab
- - ) i initio data for cis andransformanilide. The ab initio contour
6-31G* levels, two isomers were found with almost identical - for transformanilide matches the experimental spectrum ex-
stabilities. Transformanilide ¢-FA) is planar ancis-formanilide tremely well. Comparison of the ab initio parameters for both
(c-FA) is nonplanar, witlrcocine= 42°, consistent with Cable’s  jsomers with those obtained using the cross-correlation fitting
calculations at levels up to HF/6-31G*.The CIS/6-31G* procedure described in section 2 confirms the assignment of
optimizations resulted in planar structures for the electronically pang “B to transformanilide (see Table 2). Obtaining a
excited § state of both isomers, and the magnitude and the frescence excitation contour of the “A” origin was difficult
alignment of their $-— S transition dipole moments (in the  que o strong resonant (and nonresonant) fluorescence from
geometry of the ground state) were very similar. Molecular aniline, a thermal decomposition product.
parameters obtained from the ab initio calculations on forma- e extended, low-frequency progressions in the red-shifted
nilide are summarized in Table 1. band system, A, are consistent with their earlier assignment by

3.2. Electronic SpectroscopyOne-color R2PI spectra of  Cablé! to cis-formanilide, the isomer predicted by ab initio
formanilide and associated water clusters in the-S5, origin calculations to undergo a large geometry change on excitation.
region are shown in the upper trace of Figure 2. Under Figure 4 displays hole-burning spectra in the red-shifted region,
nonclustering conditions, the spectrum in the monomer masswith the two lower traces showing the ion depletion signal in
channel shows two distinct sets of features: an extendedthe first two members of the progression as the burn laser is
vibrational progression starting at “A” (34 912 c#), and an  scanned. The two spectra are not identical, indicating that the
intense peak labeled “B” (at 36 001 c), accompanied by first two members of the progression do not share a common
several weaker, blue-shifted features. lower state. The same phenomenon was observed very recently

A hole-burn spectrum, probing depletion of the monomer in 5-phenylimidazolé! where the analogous hole-burn spectra
peak “B”, is shown in the lower trace of Figure 2. It contains displayedeitherevenor odd members only, of a low-frequency
all the features present in the blue-shifted region of the R2PI torsional progression. The imidazole ring is twisted relative to

3.1. Ab Initio Calculations. At both HF/6-31G* and MP2/
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T T T TABLE 3: Vibronic Transition Assignments of Formanilide
Cluster “A”
transition energy presentin
vlecmt— 34912 s/a spectrum assignment
0.0 S APB°
75.0 a ABL
151.7 S AZBL
151.8 a ABot
(@) 228.1 a AB
228.6 s A'Bot
302.7 S A'B
303.6 a ABo!
306.5 S AB?
() 377.4 S ABo!
379.9 a AB?
451.8 a A'Bot
454.6 S AZB?
457.6 a ABy®
526.8 S ABo!
©) 530.6 a A’B?
533.8 S ABo®
600.8 a ASB*
; : . 605.0 S A'Bo?
-2 -1 o 1 2 608.7 a A?Bg?
wavenumber shift/cm 611.6 s APB*
Figure 3. (a) Fluorescence excitation contour of band B. Below are 241.4 a G
simulated contours based on ab initio data for (b) trans and (c) cis 358.3 s Q!

formanilide given in Table 1T = 2 K, fwhh = 0.08 cn?). . . . . .
split into symmetric and antisymmetric components by tunneling

TABLE 2: Observed and Predicted Parameters Relating to through the coplanar potential barrier. In contrast, the upper
the S — S Band Origin B in Formanilide electronic state has a planar (or near planar) equilibrium
band origin (A—B)" B" (B—C)" Ere geometry and the successive torsional levels, which alternate
cmt cmt cmt  em?t  ullulul kI molid between even (symmetric) and odd (antisymmetric) parity, are
B 36001  0.1034 0.0267 0.0035 31:64'5 therefore selectively excited from the two ground-state levels.
t-FA 0.1066 0.0335 0.0079 13:87:0 0.2 Thecis-formanilide hole-burn spectra, shown in Figure 4, may
c-FA 0.1386 0.0287 0.0044  2:97:1 0.0 be explained in a similar manner, but with the added complica-
a MP2/6-31G*+ 0.9%(zero-point correction from HF/6-31G*). tion that there are now two low-frequency modes in thstate

which show strong FranekCondon activity:! We have labeled
the phenyl ring in the ground state of 5-phenylimidazole, and them, va (76 cnm?) and vg (152 cnT?), and the principal
as a result, each torsional level in the ground electronic state isassignments are listed in Table 3. Transitions that excite multiple

LN W

(c) ’s’ holeburn \‘

A A

(d) ’a’ holeburn

4,
. . . . . AB. AR,
34800 35000 35200 35400
wavenumber/cm™'

Figure 4. Mass-selected one-color R2PI spectra of formanilide in the region of isomer “A”, under (a) warm and (b) cool expansion conditions.
Below are R2PI hole-burning spectra, probing depletion of (c) the peak labelftdnd (d) the peak labeled ‘&'. The features marked * are
assigned as hot bands.
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guanta of these modes are overlapped in the R2PI spectrum : : .
since the frequency ofg is almost exactly twice that ofa. M &
Their contributions were separated, however, by Cable ét al., | |J1 | II
who measured the spectrum of formanilidg-where the two | |

frequencies are shifted enough to allow resolution of the nearly | L

]
coincident vibronic transitions. In our experiments, the overlap- f f|
1

]
ping R2PI transitions (in theundeuteratedmolecule) are ‘Qﬁ?‘ o
distinguished through the separate “s” and “a” hole-burn spectra = o
shown in Figure 4, which depend on the symmetry of their ||f | b AR
vibrational wave functions with respect to the molecular plane. ] L o (%]
The A¢t and By transitions both appear in the “a” spectrum, | o &
for example, while A2 appears in the “s” spectrum. Later in |,| O
the progression, when neighboring transitions may have the | .~ il
sameexcited-state symmetry, e.g., the combination and overtone | fl | \ | c-FAMEROy O
bands, A*Bo! and B?, theycanbe resolved in the hole-burning / |

spectra. Eithera andvg have different anharmonicities or the II

levels are split by Fermi resonance interactions. J

Clues to the nature ofy andvg may be found by examining
the spectra and the ab initio calculations together. The latter |
indicate a change in geometry following excitation frogit& |
S;, associated principally with twisting about the-N bond |
(‘L’CZCJ_NC: 42.3 and 42.6 at HF and MP2 and 6%at CIS ! | ll L2
levels). There is also a small change in the angl@nc (7.1°, ) IJ L1 | o

9.3 at HF, MP2 and 1.2at CIS levels). This should imply a ,_,l W ) i
strong contribution from the ££-N torsion together with a much L { i e @

-

smaller contribution from out-of-plane bending about the

nitrogen (the remaining low-frequency motion, torsion about |
N—Camide iS Not involved). The HF frequencies (scaled by 0.9) | ﬂ
associated with these motions are 143 &for the torsion about | [
C1—N, 65 cnrt for the out-of-plane bend (and 119 cinfor | / | \

(l .
& ® LFAINZOG B
©

the torsion about NCymigd. In practice, however, the strongest
transitions are combination bands exciting approximately equal : o
guanta ofvy andvg. The overtones, & and B?, are quite weak, 4 0 1
while transitions such asgdand AP are so weak they are not wasenumher sk
seen at all in the hole-burn spectra. This pattern of intensities _.

el iy : ; Figure 5. Simulated rotational band contours for the FAQ)
suggests Duschinski mixing of the @brational modes relative complexes shown alongside, on the basis of the ab initio data detailed

to those of & The § vibrational modesya andvs, involve a in Table 4 o= 2 K, fwhh = 0.10 cnty). The boxes indicate structures
mixture of G—N torsion and at least one other mode of assigned to experimentally observed clusters D and F.
equivalent symmetry with respect to the planarity of the ring.
The most likely candidate for a second coupled mode is the ]
out-of-plane bend about the nitrogen, as it involves a very similar Perpendicular to the £z—N bond, and the TM). They show
motion of the amide €O group relative to the ring. The two ~ Some variation, reflecting the influence of the bound water
equivalent modes in styrene also show significant Duschinski molecule at the different sites, for exampiésA(H20) Il and
mixing 2° although styrene differs fromis-formanilide in having ~ ¢-FA(H20) I, which place the water molecule furthest from
a planar geometry in the ground electronic state. the aromatic ring, have the smallest values ffec The

In addition tova and vg, weak transitions involving other distinctive (and helpful) differences in the predicted band

modes can also be identified in the spectrum, such as the smalontours, shown in Figure 5, reflect changes in the TM
peaks displaced 241 and 358 cinfrom the origin. Their alignments as well as the rotational constants of the hydrated

symmetries with respect to the molecular plane are revealed byC!USters. o ,

their appearance in the “a” and “s” hole-burn spectra, respec- The most stable 151 cluster sensformanilide is predicted
tively. They are the first members of further progressions © P&t-FA(H:0) I, with water bound as a proton acceptor at
exciting v andvs, which again alternate between the “a” and the N~H site. At the MP2/6-31G*//HF/6-31G* level, the two
“s” spectra in a fashion similar to the main progressions. complexes with water bound as a proton donor to the carbonyl
oxygen are ca.-35 kJ mol? less stable; of thes&;FA(H,0)

II', which benefits from a secondary interaction between the
water oxygen and the HCynmide is slightly preferred ovet-FA-

4.1. Ab Initio Calculations. Optimized structures of 1:1 water  (H2O) Il . In this third cluster, steric hindrance to the placement
clusters ofcis- and transformanilide are shown in Figure 5, of the water molecule induces some nonplanarity in the host
and their molecular parameters and binding energies (includingmolecule, withrcocine = 14°.
zero-point and BSSE corrections) are summarized in Table 4. A cis conformation of the amide group allows for an
When two alternative structures are found, which vanjy in extremely stable cyclic water complexFA(H20) |, with water
the orientation of a nonbonded water hydrogen atomly the acting as both proton donor to the carbonyl oxygen and as proton
more stable one is presented. The arrows in Figure 5 show theacceptor to the amine hydrogen. Indeed, this type of structure
alignment of the TM in the molecular frame, described by the has already been identified through analysis of the microwave
angledeiec (the angle between the short axis of the benzene ring spectrum of the 1:1 hydrate of formamiti&he binding energy

-FATROE 11D

4. Formanilide Water Clusters
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TABLE 4: Molecular Parameters Predicted from HF/6-31G*//MP2/6-31G* and CIS/6-31G* Calculations on Formanilide 1:1
Water Clusters

water cluster t-FA(HO) | t-FA(H20) Il t-FA(H0) Il c-FA(H.0) | c-FA(HO) Il
Ere/kJ mol?t 12.7 16.0 18.2 0.0 17.4
Epind”/kJ molt 22.4 19.6 17.4 31.4 20.4
Epind/kJ mol? 17.8 125 104 221 13.1
Epind/kJ molt 26.0 20.3 18.2 36.2 20.8
75(C2CiINC,)¥deg 0.0 1.0 13.9 42.1 41.1
76(C2CiINC,)deg 0.0 0.5 6.2 5.5 4.6
A'IMHz 1630.4 4204.6 1869.3 2791.8 2943.3
B""/MHz 900.2 534.3 842.0 657.9 555.5
C"IMHz 581.5 474.6 583.5 552.5 485.8
A'IMHz 1641.9 4113.1 1847.9 2665.7 3029.2
B'/MHz 891.5 531.0 826.9 692.2 561.8
C'/MHz 579.3 470.8 572.8 551.5 475.2
|Re| x103%YCrro 2.70 2.24 2.13 2.44 2.20
ulunluc® 15:85:0 12:88:0 72:28:0 13:77:10 13:74:13
Ociedded -85 —-2.8 +12.0 —16.1 +0.2
r(N—H---OH)/pm 206.6 211.6
r(C=0-+H—OH)/pm 204.9 205.4 205.0 203.4
r(Hz0-+*H—Cc—o)/pm 271.9 274.1
r(H20++*H—Cortng)/pm 266.7

aMP2/6-31G*//HF/6-31G*+ 0.9(zero-point correction). Corrections taken from HF/6-31G* calculafiétiz/6-31G*+ 0.9(zero-point correction).
¢ HF/6-31G*+ 0.9(zero-point correction) BSSE correctiond MP2/6-31G*//HF/6-31G*+ 0.9(zero-point correctior- BSSE correction. Corrections
taken from HF/6-31G* calculatiorf.S; interplane torsional angléS; inter-ring torsional angle (Scalculations at CIS/6-31G* levely.Transition
parameters calculated a§ BF/6-31G* optimized geometryeecis defined as the TM rotation angle in the plane of the benzene ring, away from
the short axis.

at the MP2/6-31G*//HF/6-31G* level is 36 kJ md| which is The binding energy of 43 kJ mol is 5 kJ mot greater than
twice that of the water dimer calculated at the same level of the total obtained by summing the binding energies-BA-
theory (18 kJ mot?). The NH--OH, and CG--HOH hydrogen (H20) Il and the water dimer (calculated at the MP2/6-31G*//
bond lengths are similar to the corresponding valueshaA HF/6-31G* level with HF BSSE corrections). The effects of
complexes, although the hydrogen bond angles are morepositive and negative cooperation are also observed acting
distorted. The alternative complexa@s-formanilide,c-FA(H.O) through the amide molecule in structures with two separate
I, has water bound to the carbonyl oxygen in an identical binding sites occupied. In thé-FA(H,O), V cluster, the
manner as$-FA(H20) Il . In neither case does hydration change NH---OH, and CG--HOH hydrogen bond lengths are shortened
the degree of nonplanarity of the host molecuals;formanilide. by 2 and 4 pm relative to the corresponding 1:1 clusters and
Optimized structures and corresponding molecular parametersthe binding energy is 2.6 kJ nidl greater than the sum of the
of 1:2 water clusters of formanilide are shown in Figure 6 and individual binding energies for each 1:1 clustertdhA(H20),
Table 5. They result from an exhaustive search for local potential VIII , with both carbonyl sites occupied, the €®{OH
energy minima of clusters subject to the constraint that each hydrogen bonds increase by 1 and 6 pm and the binding energy
water molecule is bound either to the amide group or to the decreasedy 2.8 kJ mot! relative to the sum of the individual
other water molecule. In structures where a “dangling” (non- binding energies. Guo and Karplus noted similar trends in a
bonded) hydrogen of water can adopt two alternative orientations detailed ab initio study of cooperative effectsNrmethylacet-
only the more stable alternative is shown. Structures in which amide!
the water dimer binds to formanilide via the NH site only The structural changes induced in the host molecule by the
converged to the cyclic hydratesFA(H20), IV or t-FA(H20), addition of one or two bound water molecules are mostly quite
I, with the second water bridging to the aromatic ring. Indeed, small. Changes in the amide bond lengths;Hy N—C, or C=
the most stable structures are those which allow a water dimerO, for example, are generally ca. 1 pm. Clusters with water
to bridge between a proton acceptor site and a proton donormolecules bound in close proximity to aromatic ring hydrogen
site, to allow three hydrogen-bonded interactions, each of which atoms provide notable exceptions. In the hydrated clugtes;
is strengthened through the effects of cooperation. Gise (H20): Il andl1V, distortion of the planar amide geometry to
formanilide clusterg-FA(H2O), I, in which the water molecules  permit interactions between water oxygens and ring hydrogens
bridge between the NH and CO sites, is favored by a large twists the dihedral angte-zcincfrom O° (in the trans monomer)
margin. Similarly, the most stabteans-formanilide clusters are  to 35° and 46, respectively. Similar interactions taFA(H20);
t-FA(H20), I, where the water molecules bind to the NH I, reduce the dihedral angle from“4@n the monomer) to 3,
hydrogen and tar-electron density on the ring, atdA(H20), but there is no evidence for structures in which the two bound
II', where the two water molecules bridge across the HCO group. water molecules polarize the amide bond sufficiently to induce
Positive cooperative effects are reflected in increased binding planarity in the ground state.
energies and shortened hydrogen bond lengths. One of the 4.2. Cluster Stoichiometry. The R2PI and hole-burning
complexes in which these effects are most easily isolated is spectra, shown in Figures 7 and 8, reveal the presence of five
t-FA(H20), VII , which has one water molecule bound to the distinct hydrated clusters of formanilide. The features labeled
carbonyl oxygen (in fashion very similar to the 1:1 clustdfA- D, E, and F in the FA(KO)*t mass channel are associated with
(H20) 11') and the second water molecule linked to the first, as three distinct cluster species. Under one-color ionization condi-
a proton donor. The increased acidity of the first water molecule tions, species D and F partially fragment into the*Fass
in the doubly hydrated cluster shortens the-€BOH bond channel (with efficiencies of ca. 25% and 60%, respectively,
length to 196 pm (compared with 205 pm in the 1:1 cluster), although these percentages may be affected by three-photon
but the distance OCH++OH, increases from 272 to 299 pm. excitation processes), suggesting their assignment to 1:1 water
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Figure 6. Stable 1:2 water clusters obtained by HF/6-31G* level geometry optimisations. The figures in parentheses are relative energies in kJ
mol~?, from MP2/6-31G* single-point calculations. The boxes indicate structures assigned to experimentally observed clusters C and E.

clusters. The band system labeled “C”, which appears in both assignment is further reinforced by the rotational band contour
the FA(HO)" and FA(HO)," mass channels, is assigned to a analysis (of peak E), which will be presented in section 4.4.
1:2 hydrated cluster. Its complex vibrational structure can be  Finally, the appearance of the remaining system, peak G, and
ascribed to progressions based upon three low-frequencyits associated vibronic features in each of the FARM", FA-
vibrational modes (29, 38, and 51 cf), as shown in Figure 9. (H,0);*, and FA(HO);" mass channels, indicates the formation
Species E shows no signal in the Far the FA(HO)," mass of a fifth cluster, accommodating at least four bound water
channels; if it were a 1:1 water cluster, then it would appear molecules.
not to fragment at all, but given the fragmentation patterns of  4.3. Structural Assignments of 1:1 Water ClustersRota-
the other hydrated clusters, a more likely assignment would betional band contours of peaks D, F, and E, obtained by
to a 1:2 water cluster that loses one water molecule with 100% fluorescence excitation, are shown in Figure 10 together with
efficiency. The latter assignment is supported by the change in optimized “best fit” contours (computed via the cross-correlation
the observed relative cluster populations as the jet expansionprocedure described in section 2) and “ab initio” contours based
conditions are varied. When the delay between opening the valveon assigned structures. Extremely good agreement between the
and arrival of the laser pulse is increased, the region of the jet experimental contour D and the “ab initio” contour, shown in
expansion that is probed becomes cooler and more favorableFigure 10a allows its assignment té-A(H2O) |, with water
to complex formation. In a spectrum measured using a shortbound as a proton acceptor to the-N site (see Figure 5).
delay, comparatively few complexes were formed and peaks F Likewise, band F may be assigned to the cyclic hydriake)-
and E appeared in the ratio 2:1. A spectrum recorded using a(H20) Il , with a water proton-donating to the carbonyl oxygen.
long delay showed evidence of extensive clustering and the peak The “ab initio” contours shown in Figure 5 are so distinctive
ratio became 1:3, while the ratio of peak heights for D and F that there is little possibility of misassigning bands D and F
remained constant. Peak C varied in the same manner as Eand a comparison of the optimized parameters with the ab initio
supporting the assignment of both to 1:2 water clusters. The predictions for the 1:1 clusters of formanilide bears this out (see
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TABLE 5: Molecular Parameters Predicted from HF/6-31G*//MP2/6-31G*and CIS/6-31G* Calculations on Formanilide 1:2

Water Clusters

t-FA(H:0), t-FA(H;0), t-FA(H,O), t-FA(H,O), t-FA(H;O), t-FA(H,0), t-FA(H,0), t-FA(H,O), c-FA(H.0), c-FA(H:0), c-FA(H,O), c-FA(H.0),
| 1] 1] \% \ \ Vil Vil | 11 1] \%

1:2 cluster
Ee/kJ molt 0.0 1.6 10.8 12.0 121 14.9 19.1 22.6 —22.0 -0.7 15 7.6
Epind®/kJ mol?t 50.0 52.1 43.7 40.2 43.8 41.3 38.8 34.1 69.0 54.9 50.9 43.2
Epind/kJ mol? 37.4 39.2 30.7 22.5 32.4 29.6 28.9 20.1 54.0 40.9 36.3 30.7
Epind”kJ mol?t 59.8 58.0 48.6 42.7 48.9 45.8 43.4 35.7 81.6 61.3 58.4 54.5
75(C,C:iNC,)%/deg 55 2.6 35.0 45.9 0.0 5.1 2.6 21.3 39.9 315 40.7 37.6
76(C,CiNC,,)deg 6.9 1.2 16.0 16.5 0.4 2.7 1.0 6.0 5.9 3.0 4.0 10.9
A"IMHz 990.3 2613.7 10475 1295.9 1295.2 896.9 2890.4 1569.1 1993.3 1922.8  1320.2 1074.0
B"/MHz 818.5 379.3 758.3 674.9 523.0 753.2 286.7 506.7 485.0 464.3 5145 739.3
C"/MHz 520.5 332.1 471.2 528.5 373.6 411.2 271.6 386.0 400.9 376.9 384.9 519.2
A'IMHz 1003.8 2561.7 1069.8  1329.3 1295.7 886.3 2912.6 1529.9 1966.9 19435 13335 1042.2
B'/MHz 802.9 378.5 715.0 636.0 523.0 748.7 283.3 499.6 495.2 453.2 528.9 768.6
C'/MHz 492.4 330.5 442.4 502.9 373.6 407.3 268.9 378.3 399.4 368.4 380.0 500.9
|Re| x10°9Cre 3.78 2.23 1.66 1.82 2.37 2.22 2.00 1.97 2.76 2.39 2.17 3.36
uluPlus 1:85:14 5:94:1 86:10:4 82:17:1 2:98:0 97:3:0 15:82:3 53:44:3 48:41:11 10:86:4 2:75:23 17:36:47
Oeedded +21.6 -5.3 +36.3 +615 —24.8 —15.8 —6.5 +19.6 —-33.5 —-12.4  -18.7 —-18.3
r(N—H---OH,)/pm 202.9 204.2 205.1 197.4 209.9 202.8
r(C=0---H—0OH)/pm 194.9 198.4 207.1,2449 201.3 203.8 195.9 206.0,211.8 192.6 194.8 206.9, 203.8
r(H,O—H-+-Cc—o)/pm 236.4 279.5 298.9 260.3 241.8 271.9
r(Hz0:+*H—Cyrtng)/pm 289.9 257.7 270.2 262.4 282.0
r(H20:+*H—Cietd/pm 260.9
r(HO-H--*7Comn)/pm  267.5 283.4
r(H,O:+-H,0)/pm 195.6 194.1 197.2 209.7 199.7 189.0 194.2 198.5

aMP2/6-31G*//HF/6-31G*+ 0.9(zero-point correction). Corrections taken from HF/6-31G* calculatibtiz/6-31G*+ 0.9(zero-point correction).
¢ HF/6-31G*+ 0.9(zero-point correction) BSSE correctiond MP2/6-31G*//HF/6-31G*+ 0.9(zero-point correctior- BSSE correction. Corrections
taken from HF/6-31G* calculatiorf.S; interplane torsional angléS; inter-ring torsional angle (Salculations at CIS/6-31G* levely.Transition

parameters calculated ag BF/6-31G* optimized geometnfeiecis defined as the TM rotation angle in the plane of the benzene ring, away from
the short axis.

C
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Figure 7. One-color R2PI spectra under clustering jet conditions, probing mass channelg®aAtH(@) n=0; (b)n=1; (c)n=2; (d)n=3;
(e)n=4; ()n=>5.

Table 6). The subband structure in band F allows a good The assignments of bands D and F are also consistent with
determination of (A-B)",%° and the value obtained (0.1227 the observed spectral shifts and differing extents of parent ion
cm?) is within 1% of the value predicted for the structur&A- fragmentation. The red shift of peak “D” by 218 chrelative
(H20) Il. The estimated values of"'Band (B—C)" are also to the band origin otransformanilide implies an increase in
within 5% of those predicted. The a:b:c-type hybrid character the acidity of the NH hydrogen in the electronically excited S
determined from the optimized fit (28:65:7) is in less good state. Hydration of the acidic hydrogen in phenol and indole
agreement with the ab initio ratio (12:88:0), but both are results in red shifts of 338and 132 cm™.12On the other hand,
predominantly b-type and the optimized fit is very similar to the 113 cm! blue shift of peak “F”, associated with the hydrate
the “ab initio” contour. The lack of observed subband structure in which a water molecule is bound at the HCO group, indicates
in “D” makes accurate determination of rotational constants that the carbonyl oxygen is\eeakerproton acceptor in the;S
difficult. Nevertheless, the broad shape of the band contour state; the amide group showdessertendency toward charge
establishes its assignment to the structiwEA(H20) I; the polarization in $than in $. The increased acidity of the-\H
optimized rotational parameters are within 7% of those predicted hydrogen on electronic excitation is attributed, therefore, to an
by ab initio methods. inductive effect, transferring electronic charge to the ring rather
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Figure 8. One-color R2PI spectra in the region of isomer “B” under clustering jet conditions: (a) mass charnébFiass channel FAGD)*.
Below are R2PI hole-burning spectra probing depletion of (c) peak “D”, (d) “E”, and (e) peak “F".

T y (H20)2 1l (0.0753 cntl); see Table 7. TheFA(HO) Il cluster,
with cyclic hydrogen bonding around the HCO group, is also
ca. 17 kJ mot! more stable thattFA(H,0), VII , with a linear
hydrogen-bonded structure. The observed position of the origin
band E, blue-shifted by 97 crh from the trans-formanilide
®) ‘ | \ L 1] | ||| il I T origin, is consistent with its assignment to a structure in which
the carbonyl oxygen acts as proton acceptor. The absence of
parent ions in its R2PI spectrum, which indicates the loss of
one water molecule with 100% efficiency, is also explicable
— given the tendency toward fragmentation in the carbonyl-bonded
- ' T - 1:1 cluster, “F".
Vi 1 || 7 Assignment of the other 1:2 cluster, system C, through
L | | [ 1 rotational band contour analysis, is limited by the difficulty in
35500 35600 35700 obtaining a good quality contour. Its fluorescence. signal was
wavenumber/cm™ too weak to be observed, and the laser power required for R2PI
Figure 9. (a) One-color R2PI spectra in the region of peak “C” in detection at an adequatg signal/n_oise level was too high to avoid
mass channel FAGD)". (b), (c) Simulated stick spectra of the SOmMe degree of saturation. The jet inlet system used to record
progressions based on combinations of the vibratian@9.3 cnt?), the R2PI contour of the origin band of system C, shown in
v (37.7 cnTY), andvs (51.2 cnr?). Figure 11a, also resulted in warmer rotational temperatures than
in the fluorescence excitation measurements. Nonetheless,
than the carbonyl group. In the formaniliden, the positive comparison of the broad shape of the experimental and ab initio
charge is distributed to some extent across the entire moleculeband contours shown in Figure 11 does favor the assignment
As a result, water molecules (as proton acceptors) at thelN  of system C to the structurefFA(H20), |, shown in Figure 6
site are more strongly bound in the ion, while interactions (see also the further discussion below). Fortunately, there is a
between water hydrogens and the carbonyl oxygen are weak-great deal of additional spectral data that can also be used to
ened. It is no surprise. therefore, to find that, following one- greatly narrow the range of possible structural assignments.
color ionization, cluster “D” undergoes only 25% fragmentation These include the position of the origin, the appearance of
through dissociative loss of water, while in cluster “F” the figure extended FranckCondon progressions involving three low-
is 60%. frequency modes, the known frequencies of those modes, and
4.4. Structural Assignments of 1:2 Water Clusters.The the cluster ion fragmentation pattern.
appearance of partially resolved subband structure in the The origin band of system C is shifted By607 cnt?! from
fluorescence excitation contour of band “E”, shown in the upper the cis-formanilide origin or by—482 cni! from the trans
trace of Figure 10c, rules out all but two of the 12 possible formanilide origin, which represents a large spectral shift for
doubly hydrated cluster structures shown in Figure 6. Only the either configuration of the formanilide host. It would be very
structurest-FA(H2,O), Il and VIl , have (A-B)" parameters difficult to account for a blue shift of 607 cmin a 1:2 cluster
large enough to show subband structure at an experimentalof cis-formanilide. In three of the four predictedFA(H20);
resolution ca. 0.10 cm. The experimental band contour of peak structures, a water molecule is bound at the N-H site, and
E is in very good agreement with the “ab initio” contour therefore red-shifted origin bands might be expected. The
associated with the structureFA(H20). Il (shown in the remaining structureg-FA(H,O), Il , has two water molecules
lowermost trace) and the optimized value of<RB)", 0.0737 bound to HCO in a fashion very similar to cluster “F”, which
cm 1, rules outt-FA(H0), VIl (0.0871 cn1?) in favor of t-FA- is blue-shifted (from thdrans-formanilide origin) by only 97
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erative effects in-FA(H>0), | should result in strengthening
of the NH--OH, bond and therefore enhancement of the red
shift which results from the increased acidity ofN in the §
state. The shortened NHOH, distance in the Sstate could
also contribute to a red-shifted origin by allowing the second
water molecule a slightly more favorable position over the
aromatic ring. Finally, the transfer of electronic charge to the
aromatic ring in the electronically excited state would strengthen
the H-bonding of the second water molecule to the ring. Two
of the remaining structuresFA(H20), Il andIV, might also
conceivably produce red-shifted origins. Water molecules bridg-
ing between the carbonyl group and the ring distort the ground-
state geometry of thdransformanilide host considerably,
resulting in dihedral angles:ncc of 35° and 46 (see Table 5).

If the energy associated with strain in the host molecule is
greater in the ground state than ip $ would tend to shift the
origin to lower wavenumber values.

The nature of the vibronic spectrum of C, with extended
progressions in three low-frequency modes, suggests movement
of at least one water molecule upon excitation. This discourages
consideration of-FA(H,0), V andVI but is not conclusive.
Comparison of the observed vibrational frequencies (29, 38, and
51 cntl) and those predicted for the; State of each of the
clusters is more informative. If the criteria that predicted
frequencies must be within 30% of observed values is applied,
thenc-FA(H20), | andIl andt-FA(H20), IV may be eliminated
(see Table 7).

On the basis of the reasoning above, the four remaining
candidates areFA(HO) I, Il , V, andVI, with | preferred.
Their relative energies at the MP2/6-31G*//HF-6-31G* level
are 0.0, 10.8, 12.1, and 14.9 kJ mblSimulations based on
each of these four structures are shown in Figure 11, along with
the partially saturated contour of the origin band of C. The “ab
initio” contours were calculated 8 K because the R2PI contour
of band D recorded under the same conditions was best
simulated at this temperature. The appearance of band C and

Figure 10. Upper traces: Fluorescence excitation contours of (a) band the ab initio relative energies both reinforce the assignment of
D, (b) band F, and (c) band E. Middle traces: Simulated contours System C td-FA(H2O). I, with one water at the NH site and
obtained from correlation fits (rotational constants and hybrid band the second water bound to both the first as a proton acceptor

characters are given in Tables 6 and 7). Lower traces: Simulated gnd to thex-system of the aromatic ring as a proton donor.
contours based on ab initio data for {eJA(H20) I, (b) t-FA(H:0) II ,

and (c)t-FA(H20); Il from Tables 4 and 5.

TABLE 6: Observed and Predicted Parameters Relating to

the S, — Sy Band Contour Fits of Formanilide 1:1 Water

Clusters
(A-B)" B" (B-C)’ Erel

cm?t  cm?t  em?! ullulul kI molta
D (35783 cm?) 0.0301 0.0230 0.0114 (15:85:0)
F (36114 cm?) 0.1227 0.0163 0.0019 28:65:7
t-FA(H20) | 0.0297 0.0247 0.0106 15:85:0 12.7
t-FA(H20) I 0.1234 0.0168 0.0020 12:88:0 16.0
t-FA(H20) I 0.0386 0.0238 0.0086 72:28:0 18.2
c-FA(HO) | 0.0729 0.0202 0.0035 13:77:10 0.0
c-FA(HO) 11 0.0808 0.0174 0.0023 13:74:13 17.4

aMP2/6-31G*//HF/6-31G*+ 0.9(zero-point correction).

cm~1. On the other hand, a red-shift of 482 cthfor a trans

formanilide cluster would allow more possibilities. There are
three transformanilide structures with at least one water

molecule bound to the NH site, t-FA(H20), I, V, and VI.
The clusterst-FA(H20), V andVI, with one water at the NH
site and the other water attached to the carbonyl oxygen, mightidentical to t-FA(H2O), | in the placement of both water

be expected to have origins red-shifted frofA, but by no
more than the 1:1 cluster, “Dif the effects of adding the water

The agreement between observed vibrational frequencies (29,
38, and 51 cm?) and those predicted ab initio (30, 43, and 50
cm™Y) for t-FA(H20), | is good (see Table 7). The reduced
fragmentation efficiency of C compared with E is also consistent
with the fragmentation patterns observed in the corresponding
1:1 clusters, D and F.

Finally, we note the striking similarity between the spectrum
of cluster C and the indole@®), complex assigned by Zwier
and co-workerd? Although formanilide does not consist of two
adjoining rings such as indole, both systems incorporate a planar
structure about the nitrogen atom:sHg—NH—CH=X. The
singly hydrated clusters of formanilide and indole, with water
bound at the NH site, have spectra with strong origin bands
which are red-shifted from the monomer origin by 218 and 132
cm1, respectively. The 1:2 hydrate of indole has a band origin
red-shifted much further (452 crh compared with 482 cr
for cluster C) and is associated with long intermingled progres-
sions with vibrational frequencies of ca. 35 and 497¢A% On
the basis of its resonance ion-dip infrared (RIDIR) spectrum,
the 1:2 water cluster of indole was assigned to a structure almost

molecules. The low-frequency progressions were attributed to
reorientation of the water dimer following changes in the

molecules to different sites are approximately additive. Coop- -HOH interaction induced by the—sa* excitation.
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TABLE 7: Observed and Predicted Parameters Relating to the §— S Band Origins of Formanilide 1:2 Water Clusters

low-frequency vibrations/cri? (A—B)"/cm™ B"/cm™ (B—C)'lcm™* wllupuc? Ere/kd mol P
C (35519 cn1Y) 29.3,37.7,51.2
E (36098 cnl) 0.0737 0.0105 0.0012 16:77:7
t-FA(H20). | 29.9,42.8,50.4,64.1, 98.6 0.0107 0.0223 0.0099 1:85:14 0.0
t-FA(H20), Il 23.6,27.5,37.7,62.7,86.1 0.0753 0.0119 0.0016 5:94:1 1.6
t-FA(H20), 1l 10.2, 28.6, 37.8, 54.6, 75.2 0.0144 0.0205 0.0096 86:10:4 10.8
t-FA(H20); IV 15.5, 28.1, 49.0, 70.4, 74.6 0.0232 0.0201 0.0049 82:17:1 12.0
t-FA(H20), V 24.6,26.4,31.1,49.5,57.1 0.0283 0.0150 0.0050 2:98:0 12.1
t-FA(H20), VI 19.1, 32.6, 35.7, 46.2, 59.5 0.0105 0.0194 0.0114 97:3:.0 14.9
t-FA(H20), VI 9.5, 13.5, 26.5, 36.5, 54.2 0.0871 0.0093 0.0005 15:82:3 19.1
t-FA(H20), VIII 17.0, 23.0, 38.0, 46.3, 57.7 0.0374 0.0149 0.0040 53:44:3 22.6
c-FA(H0), | 23.3,52.1,58.2,70.4,118.2 0.0517 0.0148 0.0028 48:41:11 —22.0
Cc-FA(HO). I 28.1, 32.3, 36.6, 68.6, 93.5 0.0501 0.0140 0.0029 10:86:4 —-0.7
c-FA(HO): 1l 29.3,39.6,41.1,63.1,85.4 0.0290 0.0150 0.0043 2:75:23 1.5
c-FA(H0), IV 22.9,35.4,62.7,69.8,91.7 0.0148 0.0210 0.0073 17:36:47 7.6

2 Ab initio values from CIS/6-31G* calculations, scaled by C.81P2/6-31G*//HF/6-31G*+ 0.9(zero-point correction).

-1 1
wavenumber shiftcm™

w

Figure 11. (a) One-color R2PI contour of band C in mass channel
FA(H.O)". Below are simulations based on ab initio data for (b)
t-FA(H20); I, (c)t-FA(HO) Il , (d) t-FA(H:0), V, and (e)-FA(H:O),

VI from Table 5 Tt = 8 K, fwhh = 0.15 cn1?).

4.5. Other Water Clusters.The appearance of the remaining
unassigned water cluster, band G, in the FADp', FA-
(H20)z™, and FA(HO)s" mass channels indicates a cluster with
four (or possibly five) bound water molecules. Its vibronic
spectrum is very similar to that dfansformanilide, and its
origin is red-shifted by only 12 cm, strongly suggesting a trans
conformation of the formanilide host. It is not possible to deduce
more on the basis of the limited data, but we note that four
water molecules are sufficient to form a bridge between the
carbonyl and N-H sites oftrans-formanilide, allowing forma-
tion of an extremely stable complex.

5. Discussion

All of the water features €G have been assigned to clusters
of the transformanilide, leaving the question of why clusters

cyclic hydrogen-bonded structures with one or two water
molecules bridging between the NH and CO sites. The
structuresg-FA(H20) | andc-FA(H20), |, are the most stable
1:1 and 1:2 clusters by 12 and 22 kJ miglrespectively, at the
MP2/6-31G*//HF/6-31G* level. There is no reason they should
not beformedin the jet expansion, and so the question becomes
why are they notletecte@ One possibility is that intermolecular
vibrations of the water molecule(s) couple to the torsional mode
in formanilide, resulting in a broad FranekCondon envelope

of weakly allowed transitions, similar to that observed for cluster
C. A further consideration is the ionization potential of the
complexes. A vertical value for the ionization potential of
formanilide has been reported at 8.6 eV, based on a broad feature
in a low-resolution photoelectron spectréimwhich must
incorporate the overlapped contributions from both isomers. HF/
6-31G* calculations of neutral formanilide indicate a large
difference in vertical ionization potentials ¢P= 8.799 eV,
IPyans= 8.401 eV), although calculations for the ionic species
show a much smaller difference in adiabatic ionization potentials
(IP¢is — IPyans= 0.056 eV). If water bound at the NH site red-
shifts the $ — S origin transition by a few hundred wave-
numbers from theis-formanilide origin at 34 912 cnt, then
resonant one-color two-photon excitation will provide ca. 8.60
eV, which may barely be sufficient to ionize the complexes.
More accurate data on the ionization potential of the cis isomer
in particular is necessary to resolve the question.

It is noteworthy that two distinct 1:1 hydrates tfns
formanilide are observed, with water bound alternatively to the
N—H site (cluster D) and the HCO site (cluster F). The
calculated relative energies of these clusters are similar, with
t-FA(H20) | (NH site) preferred oveirFA(H.0) Il (HCO site)
by only 2 kJ mot? at the MP2/6-31G*//HF/6-31G* level (the
difference increases to 6 kJ mélwith the inclusion of BSSE
correction at the HF level). This is in contrast to the usual
preference of water molecules for the carbonyl sitdrahs
amides. A better model for the peptide link is provided by the
moleculeN-benzyl formamide (NBFA), since it has a methylene
“spacer” between the ring and the amide group. Experiments
on NBFA in this laboratory reveal the presence of only one
singly hydrated cluster, with water bound to the carbonyl
group3? SCF and MP2 calculations oN-methylacetamide
using an aug-cc-pVDZ basis set indicate that the carbonyl site
is preferred over the NH site by 9 kJ mél Formanilide differs
from these two amides in the proximity of the aromatic ring,
which has the effect of dramatically increasing the acidity of
the N-H proton.

of the cis isomer have not been observed in R2PI scans down The two assigned 1:2 hydrates todnsformanilide follow

to 34 480 cmil. A cis conformation of the amide group allows

the pattern observed in the 1:1 clusters, with waters bound
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alternatively to the N-H site (cluster C) and the HCO site (6) Mayne, L. C.; Hudson, BJ. Phys. Cheml991, 95, 2962.

(cluster E). Both involve cyclic hydrogen-bonded structures, in ~ (7) Larsson, K. M.; Kowalewski, Bpectrochim. Actag87 43A 545.
] " - . (8) Chahinian, M.; Seba, H. B.; Ancian, Bhem. Phys. Lett1998
which an extra “H-bond” is formed (HO#+ing in cluster C 285, 337.

and HO---HCO in cluster E). Cooperative effects are maxi- (9) Lovas, F. J.; Suenram, R. D.; Fraser, G. T.; Gilles, C. W.; Zozom,

mized in these structures since each molecule acts as both protos: J(i (%hf_l”e’idphAy_Slsri?t ng (53 Am. Chem. Sod993 115 9708
donor and proton acceptor. At the MP2/6-31G*//HF/6-31G* (11) Manea, V. P.: Wilson, K. J.. Cable, J. R.Am. Chem. Sod 997

level, they are ca. 10 kJ ndl more stable than the nearest 119 2033.
competitor,t-FA(H2O), Il (another cyclic hydrogen-bonded (12) Tubergen, M. J.; Levy, D. Hl. Phys. Chem1991, 95, 2175.

; ; i (13) Connell, L. L.; Ohline, S. M.; Joireman, P. W.; Corcoran, T. C.;
structure with the water dimer bridging from the less favorable Felker, P. M.J. Chem. Phys1991 94 4668,

carbonyl site to thg hydrogens on the ring). ) (14) Taylor, A. G.; Burgi, T.; Leutwyler, S. Idet Spectroscopy and
In general, no evidence has been found in this study for large Molecular DynamicsHollas, J. M., Phillips, D., Eds.; Blackie Academic

i i iz ati ; and Professional: London, 1995.
Etruct;”al Cthangesl n ?mlde.r%eomeltryl Otr gOIatnza:Ion Wltf]l tV]\_/_OZ (15) Menapace, J. A.; Bernstein, E. R.Chem. Physl987, 87, 6877.
ound water molecules. 1he calculated structures or L.z (16) ape, H.; Mikami, N.; Ito, M.J. Chem. Phys1982 86, 1768.
complexes ofrans-formanilide, which show the amide twisted (17) Lipert, R. J.; Colson, S. OChem. Phys. Let1989 161, 303.
relative to the aromatic ring, are far from the global potential _ (18) Tanabe, S.; Ebata, T.; Fuijii, M.; Mikami, Rhem. Phys. Letl993

o : 215 347.
energy minimum and are not observed experimentally. The (19) Camey, J. R.: Hagemeister, F. C.. Zwier, TISChem. Phys1998

presence of two water molecules bridging the NH site and the 108 3379.
mr-system of the ring does have a significant effect on the nature  (20) Dickinson, J. A.; Joireman, P. W.; Randall, R. W.; Robertson, E.

— i ; ; _chi G.; Simons, J. PJ. Phys. Chem. A997 101, 513. Joireman, P. W.;
of_the S S transition, however,_ resulting in a red-shifted Kroemer, R. T.: Pratt, D. W.: Simons, J. B, Chem. Phys1996 105
origin with low-frequency progressions. 6075,

Further investigations of clusters<G using the RIDIRS (21) Dickinson, J. A.; Hockridge, M. R.; Kroemer, R. T.; Robertson, E.
technique are planned to study the nature of the hydrogen-G: Simons, J. P.; McCombie, J.; Walker, NL. Am. Chem. Sod 99§

bonding interactions within them. It is also hoped that two- 12(()'22)62|-%6ckridge M. R.; Robertson, E. G. Phys. Chem. An press.

color REMPI measurements of ion fragmentation thresholds may  (23) Hockridge, M. R.; Knight, S. M.; Robertson, E. G.; Simons, J. P.;
provide more information about NHOH, and HCG--H,0 Mcgg;ngle,lf._;dWaIIRAer,RMPFZIyz- Chem-EChgm-S_Ph)ﬂ%% (1:ih407- oh

H H H H il ockriage, . R.; Robertson, E. G.; Simons, J.(Ghem. YS.
binding energies in formanilide. Lett 1999 302 538.

(25) Kroemer, R. T.; Liedl, K. R.; Dickinson, J. A.; Robertson, E. G.;
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