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The gas-phase structurestiEns-formanilide (FA) clusters containing varying numbers of water and ammonia
molecules have been investigated by resonant two-photon ionization spectroscopy in a supersonic jet expansion.
A single structure is found for the 1:1 cluster of FA with ammonia in which the amide NH group functions

as a hydrogen bond donor to the ammonia nitrogen. In contrast, vibronically resolved spectra reveal two
distinct structures for the 1:1 cluster with water in which either the amide NH group functions as a hydrogen
bond donor or the carbonyl oxygen functions as a hydrogen bond acceptor. The 1:1 clusters with both ammonia
and water exhibit characteristic spectral shifts that depend on which amide site participates in the hydrogen
bond. Three distinct types of 1:2 clusters with water have been found. Two of these can be viewed as water
dimers interacting through a single hydrogen bond with either the amide NH group or the carbonyl oxygen.
The third structure involves a hydrogen bond at each amide site to a separate water molecule. Ternary FA
clusters containing one ammonia and one water molecule have also been investigated and found to be present
in two distinct structural forms. Although each structure contains a hydrogen bond between the amide NH
and one of the solvents, the structures differ with regard to which solvent serves as the acceptor of this
hydrogen bond as well as in the role of the second solvent. Finally, clusters containing four water molecules
have been identified, although in this case only a single cluster structure has been observed. This species is
assigned to a structure containing a hydrogen-bonded chain of four water molecules forming a bridge between
the NH and carbonyl oxygen binding sites on opposite sides of the trans amide. These experimental observations
and structural assignment are supported by ab initio Harffeek calculations.

Introduction H H

. . . . N__H N.__O
Hydrogen bonding plays a pivotal role in determining both ©/ g ©/ \f

the structure and activity of a wide range of biological systéms. 0 H

Crucial to the secondary structure of proteins are the hydrogen trans-formanilide cis-formanilide

bonds among the backbone amide groups. These hydrogen

bonds form as the protein folds, with a concomitant loss of and lowest-lying singlet excited states, in contrast to the cis
amide hydrogen bonds to the solvent. The energetics of thisisomer, where the phenyl ring was found rotated by ap-
hydrogen bond exchange are of interest to better understandproximately 40 out of the amide plane in the ground electronic
protein folding and stability.In the current work, amidewater state and coplanar with the amide group in the excited electronic
and amide-ammonia hydrogen bonds have been investigated state. The fact that the isomer populations observed in the gas
in gas-phase clusters of a relatively simple model amide, phase differed significantly from the near equal abundances
N-phenylformamide or formanilide, with a particular focus on  found in solutiofi motivated us to initiate studies on hydrogen-
the nature of the interaction of a single amide with varying honded solvent clusters of formanilide to better understand the
numbers of water and ammonia molecules. origins of this effect.

The partial double-bond character of an amideNCbond Concurrently, Simons and co-workers also began an inves-
results in a nearly planar conformation of the functional group tigation of the hydrated clusters of formanililén neither case
and a 15-20 kcal/mol barrier for rotation about this boAd. have clusters of the less abundant cis isomer been observed using
When the amide nitrogen is asymmetrically substituted, two either single-color resonant two-photon ionization (R2PI)
distinct isomers are possible. For secondary amides with bulky spectroscopy or fluorescence excitation spectroscopy. The
substituents, as predominantly found in peptides and proteins,significance of this finding lies in the fact that in the cis isomer
the trans isomer, in which the substituents on the carbon andthe two hydrogen-bonding sites (amide proton and carbonyl
nitrogen atoms adopt a trans orientation, is energetically favored.oxygen) lie on the same side of the molecule and should permit
Our previous investigation of several simplephenylamides a single water molecule to simultaneously form two strong
in the isolated environment of a supersonic jet expansion hydrogen bonds in a cyclic arrangement, resulting in a very
determined that even formanilide, with its small hydrogen atom stable complex. These types of cyclic amideater structures
substituent on the carbonyl group, is present in the vapor phasehave been previously identified in 1:1 clusters of both forma-
as the trans isomer in 94% abundafdée trans isomer was  mide; using Fourier transform microwave spectroscopy, and
additionally found to have a planar structure in both its ground the cyclic cis amide 2-pyridone, using rotationally resolved
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fluorescence excitation spectroscépyd infrared-ultraviolet —
double-resonance spectroscdpyhe reason for the failure to "
detect any hydrogen-bonded clustersci#formanilide is not L
entirely clear, although the possibility of a higher ionization "
potential for the cis isomer of the amide has been raised as a 43
factor that could hinder its detection with single-color R2PI.
In transformanilide (FA) the two hydrogen-bonding sites lie
on opposite sides of the amide and thus prevent a single solvent o
molecule from interacting with both sites simultaneously. Thus ’
two general types of 1:1 hydrogen-bonded water clusters should
be possible in which the water acts as either the hydrogen bond v
donor or acceptor, whereas only a single 1:1 hydrogen-bonded 219
ammonia cluster is expected in which ammonia accepts a 9% .,
hydrogen bond from the amide NH group. The recent study of e L &) FAW,’
Simons and co-workers reported spectroscopic evidence for two
distinct 1:1 and two distinct 1:2 water clusters of FA and
assigned specific structures to each on the basis of a combination

(e) FA-W,

(d) FA-W,*

. . . . . FA*
of techniques including hole-burning spectroscopy, rotational ) @ )
contour analysis, and ab initio molecular orbital calculatidns. ‘ ‘ ‘ ‘ ‘
A 1:4 (or possibly 1:5) water cluster was also reported, but no 35600 35800 86000 36200 36400

definitive structural assignment was made. Wavenumber (cm’")

Our current work expands on the hydrated cluster work of Figure 1. Mass-selected R2PI spectra of (a) FA ane-€b its water
Simons and co-workefghrough observation and assignment clusters in a He sup_er_sqnic jet expansion detected in the_in_dicat_ed mass
of an additional 1:2 cluster and further through both stoichio- channel. The FA origin is located at 36 006 cCluster origin shifts
metric and structural assignment of the previously observed '€ 91ven refative to that of the bare molecule.

resonance associated with a higher-order cluster. Key 10 thesey i, water at room temperature. The water content of the carrier

assignments are the fragmentation patterns observed aftef g s estimated to be less than 1%. Ammonia clusters were
photionization through the selected resonances as well as the iained in a similar manner by replacing the water in the

spectral shifts of the glectronic origins. The spectral shifts are mixing chamber with solid ammonium carbonate. The partial
found to be clear indicators of which amide group or groups pressire of ammonia above the solid was sufficient to form
participate in hydrogen bonding. Add|t|ona!ly, this W_ork extends ammonia clusters at concentrations yielding signal levels
beyond that on purely hydrated clusters to include binary C'“Sterscomparable with those of the water clusters. Even with only

containing one and two ammonia molecules as well as ternary 5y manium carbonate in the mixing chamber, it was still possibie
clusters containing both one ammonia and one water molecule.;y qpserve both binary water clusters and ternary water

The stru_ctural diversity of the ammonia clusters is expected t0 ;1\ monia clusters of the amide.
be considerably less than that of the water clusters because of |, er the experimental conditions required to produce these

Lh% much bgre(;';\ter properLsity of arr]nrgonia tg fudn(cjtion as ,ahwater and ammonia clusters, some hydrolysis of formanilide
ydrogen bond acceptor than as a hydrogen bond donor. Wit rred, resulting in the production of aniline as evidenced

the ternary clusters a large number of structures are againg the characteristic spectrum observed at its parent mass. This
feasible with relative stabilities that often depend on the relative iy ot present significant interference to obtaining the cluster

strengths of solventsolvent and solveatamide hydrogen  ghecira due to the mass selectivity of the detection process,
bonds. Assignment of the observed resonances to specific Cluster i q,,gh some of the intense vibronic transitions of the much
structures provides insight on the relative energetics of these oo volatile aniline did result in small dips in the spectra

two types of interactions. detected in the cluster mass channels.
i . All ab initio geometry optimizations and vibrational frequency
Experimental Section calculations were performed at the Hartréock (HF) level

The supersonic molecular beam apparatus used in this workWith 6-31G** basis sets using SPARTAN 4.0.
has been described in detail elsewtteie brief, the seeded He
carrier gas is expanded through a 1-mm pulsed nozzle and theRes
resulting free expansion is skimmed upon entering a differen- R2PI Spectra of FA—Water Clusters. Mass-resolved,
tially pumped chamber containing a linear time-of-flight mass  single-color R2PI spectra of FA and its clusters containing up
spectrometer. The resulting molecular beam is crossed ortho-to four water molecules are presented in Figure 1. Each spectrum
gonally with the unfocused output of a frequency-doubled was obtained under similar experimental conditions by monitor-
Nd:YAG pumped dye laser. Single-color R2PI occurs when the ing the ionization signal resulting from ions having masses
first photon is made resonant with a vibronic transition of the corresponding to the indicated species. The spectrum in Figure
S, — S absorption band. The resulting ions are mass-selectedla was obtained by monitoring the 121-amu mass channel
and the desired ion signal is recorded as a function of laser corresponding to unclustered FA ions. This spectrum is identical
wavelength. Fluorescein 548 was used in the dye laser to coverto that reported previously by Manea et ‘land in this
the spectral region of interest. wavelength region all spectral features are associated with the

Formanilide was commercially available and used without trans isomer. A strong origin transition is found at 36 006 Em
further purification. To obtain sufficient vapor pressure, the solid which is associated with only weak vibronic structure. In
sample and pulsed nozzle were heated to°’D0Nater clusters contrast, the origin of the cis isomer of formanilide is found at
were obtained by passing the carrier gas (typically at 3.4 atm 34 914 cnt! and displays an extended vibrational progression
stagnation pressure) through a mixing chamber partially filled in a 76 cnt! phenyl torsion mode.

ults and Analysis
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With one exception the spectra of the water clusters of FA

(Figure 1b-e) are identical to those presented previously by 13
Simons and co-workefsThe spectrum obtained by monitoring

the mass channel corresponding to the parent cluster ion (c) FAW,*

containing a single water molecule, FA;W shown in Figure

1b, contains three dominant features that were previously -13

assigned to separate origin transitions shiftedH219, 95, and
112 cnt! from the FA origin® That these features were
associated with distinct clusters was clearly shown by hole-
burning spectroscopy and rotational contour analysis. Compari-
son of the observed rotational contours with those predicted )
from the structures obtained by ab initio geometry optimization ’ M
also showed that the219 and 112 cm origins were associated (a) FA-W,* Y, W
with 1:1 water clusters in which the water molecule was bound

at the NH and CO sites, respectively, and that the 95'@rigin ‘ ‘ ‘ ‘
was associated with a 1:2 cluster in which the first water 85980 Wa\?j:jriber (cr:?)o o0 %6010
molecule was bound as a hydrogen bond donor to the carbonyl

oxygen and the second water molecule donated a hydrogen boni A-Wa+, and (c) FA-W* mass channels in the region of the 35 990

to the first. This carbonyl-bound cluster U”O_'efgoe?' very efficient and 35993 cm! origins. Cluster origin shifts relative to that of the
fragmentation by loss of water after photoionization and hence pare molecule are indicated.

appears exclusively in the FA-W mass channel.
; P ; TABLE 1: Relative Yields of Fragment lons for Excitation
The spectrum obtained monitoring the FA;Wchannel is at Different Cluster Origins and Assignments to Neutral

shown in Figure 1c. Both the long progression of peaks pgrent Clusters
originating—483 cn1 relative to the FA origin and the higher

(o) FA-W,*

igure 2. Comparison of R2PI spectra recorded in (a) FAtWb)

wavenumber component of the doublet near 35 990%crere Wz\)/(g'rgitr'ﬁga r;zl:;rr?tl
observed by Simons and co-workérhe —483 cnt* origin €M)  FA* FAW:* FAW,* FA-Ws* FA-W,* cluster
was assigned to another 1:2 cluster in which the first water 183 00l 10 019 FAW
molecule accepts a hydrogen bond from the NH group and _the —219 042 10 ' FA-W
seconql water molt_acuk_a accepts a hydrqgen _bond fror_n thg first. —16 0.48 0.65 1.0 0.70 021 FA-W
Associated with this origin are progressions in three vibrational -13 0.28 0.09 0.37 1.0 0.76 FA-W
modes with frequencies of 29.3, 37.7, and 51.2 tthat were 95 004 10 0.01 FA-W
assigned to modes involving significant motion of at least one 112 10 038 FA-W
of the water molecule3The —13 cnt! shifted component of aExcitation wavenumbers are given relative to the FA origin

the doublet was assigned to a neutral cluster containing four ortransition at 36 006 cnt. A significant fraction of the FA ions
possibly five water molecules because the same peak alsoProduced at these wavenumbers may arise from direct excitation of
appears in spectra taken in both the FAViind FA-W;* mass neutral FA_ rather than cluster fragmentation because of Fhe small

. spectral shifts of these cluster resonances from the FA origin.
channels. Nearly all of the other weak spectral features appearing
in these two higher mass channels are also identical and appe
to be associated with several weakly Fran€@ondon active
modes with vibrational frequencies between 100 and 150'cm
and a slightly more active 532 crhvibration that correlates
with a 517 cnt! mode in bare FA. Both the FA-W and FA-
W™ as well as parts of the FA-W spectra therefore appear to
arise from a single species that fragments by loss of varying
numbers of water molecules when ionized.

Hransition should vary with both the amount of excess energy
deposited in the ion and the site at which the water molecules
are bound, the fragmentation patterns observed with each
resonance should be characteristic of the particular cluster
structure. The relative abundances of the ions resulting from
R2PI at each origin are summarized in Table 1.
Photoionization through the resonances assigned to 1:1

L ) clusters,—219 and 112 cmt, produces very different fragmen-
The —16 cni* shifted component of the doublet in the FA-  (ation patterns, although in neither case is fragmentation

Wt channel was not previously observed. Figure 2 displays complete. At—219 cnr! the parent ion, FA-W", is the

an expansion of the 35 990 cthspectral region as detected in  gominant species, whereas at 112-érfA* is predominant.

the FA-W,", FA-W5", and FA-W;™ mass channels. The16 Because an amidevater hydrogen bond is expected to be
cm* peak is clearly seen to be present in only the FA*W  sronger than a pi-type hydrogen bond to benzene, the appear-
mass channel and therefore cannot originate from the samegnce of some parent ion is expected and therefore entirely
species responsible for thel3 cnm* peak appearing in all three  ¢onsistent with the assignment of these resonances to 1:1
channels. Also in agreement with the findings of Simons and ¢|ysters. Excitation at both-483 and 95 cmt produces
co-workers, no ions corresponding to masses greater than thabredominantly FA-W*. At —483 cnT? a significant fraction

of FA-W," were observed. of parent FA-W" ions is also produced, whereas at 95&m
Fragmentation of FA—Water Cluster lons. As an aid to less than 1% of the detected ions correspond to the parent. If
assign the two origin transitions atl3 and—16 cnt! to neutral this very small amount of FA-W were overlooked, the

clusters of specific composition, mass spectra were recorded atemptation would be to assign this transition to FA:\8uch
these two resonances as well as at all of the previously identified an assignment would then imply that essentially no fragmenta-
origins. Fragmentation of neutral clusters after ionization is well- tion occurred after photoionization because™Fi& produced
known in the case of benzenwater and benzeremethanol in only a 4% relative yield. Therefore the fragmentation pattern
clusters where loss of one or more solvent molecules occursassociated with the 95 crh transition is consistent with its
with near unit efficiency:}~12 Because the extent of fragmenta- assignment to a neutral 1:2 cluster whose parent ion undergoes
tion after absorption of two photons resonant with the-SSy very efficient fragmentation.
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The two origins at—13 and—16 cnt! also exhibit very
different fragmentation patterns. In the FA,¥YAR2PI spectrum
these features are considerably overlapped. As Figure 2 shows,
the higher wavenumber component must correspond to a neutral
cluster with at least four water molecules. The fragmentation
pattern associated with this peak shows that F4&-W produced
in the highest yield, followed closely by FA-WV, and that no
ions of higher mass are evident. These observations suggest that (b) FA-A
the neutral parent species responsible for this resonance is indeed A | k o L "
FA-W, and that approximately two-thirds of the parent ions ) )
fragment primarily with loss of one and two waters. It should
be noted that the relative yield of FAas shown in Table 1 is

. . . (a) FA*

almost certainly too large because of contamination from the !

much more abundant neutral FA molecules that are photoionized A A .

through the wings of their strong origin transition 13 ¢hto 36600 95800 36000 36200 36400

the blue. Assignment of this feature to a cluster containing more Wavenumber (cm™)

than four water molecules would make this the only cluster for Figure 3. Mass-selected R2PI spectra of (a) FA and ¢bits clusters
which no parent ions were observed. with ammonia detected in the indicated mass channels. Cluster origin

Excitation at—16 cnt? produces FA-W' as the most shifts are given relative to that of the bare molecule.

abundant species but also resu_lts in production of some FA-p5nd with ammonia serving as the acceptor but only a weak
Ws" and FA-W;*. However, only in the FA-W" mass channel jnteraction between one of the ammonia hydrogens and the
does a distinct peak occur at this wavenumber. The most carhonyl oxygerd4 Thus the spectra of the ammonia clusters

consistent explanation for this behavior is that thg6 cnt! of FA are expected to be considerably simpler than those of

resonance occurs in FA-\and that higher-order cluster ions  the water clusters becaust of the presence of fewer stable species
arise from production and subsequent fragmentation of FA-W containing strong hydrogen bonds.

via the overlapped FA-Worigin transition centered 3 crito Mass-resolved, single-color R2PI spectra of FA and its
the blue. clusters containing one and two ammonia molecules are
The structural assignments of Simons and co-wofk&rew presented in Figure 3. The spectrum obtained by monitoring
that hydrogen bond donation by the aromatic amide results in the 138-amu mass channel is shown in Figure 3b. Here the
a red-shifted origin transition{218 cn for FA-W; and—483 detected species correspond to ions of FA clustered with a single

cm ! for FA-W,), whereas hydrogen bond acceptance induces ammonia molecule, FA-X. A strong origin transition is

a corresponding blue shift (112 cihfor FA-W; and 95 cnit observed at 35 673 cm, red-shifted 333 cmt relative to that

for FA-W,). These shifts suggest that electronic excitation results of FA, and is assigned to the neutral 1:1 cluster FA-3everal

in an increase in the donating ability of the NH group and a Weaker vibronic features at 94, 140, 197, 519, and 737'cm
decrease in the accepting ability of the carbonyl oxygen. This are also observed. The higher-frequency 197, 519, and 737 cm
behavior is entirely consistent with ab initio configuration P€aks have counterparts in the spectrum of FA and must be
interaction calculations, which revealed that significant charge @ssociated with vibrations of the chromophore. The large red
transfer from the amide nitrogen to the phenyl ring occurs in shift observed for this species is consistent with its assignment
the excited electronic stafeThe small spectral shifts;13 and [0 @ structure containing a hydrogen bond between the amide
—16 cnr, associated with the 1:4 and 1:2 clusters can be NH and the ammonia nitrogen. The additional 114 ¢émed
accounted for by the competing effects when both the amide shift beyond that of the corresponding cluster containing a single

NH and CO groups are simultaneously involved in hydrogen water bound at the amide NH site arises from the increased
bond formation to separate water molecules. Thus the RA-W basicity of ammonia, which p_rowdes even greater stability to
cluster exhibiting the-16 cnT? spectral shift must have one the hydrogen bond in the excited state after charge reorganiza-
. . S tion.

water molecul n h of the ami ites. Similarly, th I . .
F:E\eN4 s%ggil:eg bmouustdhgtlga(;:neowtatiraboﬂﬁds zt;sthz am?dg ’I;[IHe To the red Of the F_A-Aorlgln an addltlonal_vyeak feature is .
one water bound at the carbonyl oxygen, and the third and fourth observed that is assigned to a cluster containing two ammonia
water molecules located relatively distant from the FA chro- molecules that fragments by loss of ammonia after ionization.

mophore. This last feature is required to retain a similar spectral This is confirmed by the spectrum shown in Figure 3¢, which
shift to that seen in the analogous FA\Apecies. was obtained by monitoring the FAA mass channel and

) shows a peak at 35 565 ccoincident with the weak feature
R2PI Spectra of FA-Ammonia Clusters. Although the  gseen in the FA-A* channel. A mass spectrum recorded at this
amide group in FA has two sites capable of participating in resonance reveals that 58% of the FAtAons fragment to
hydrogen bond formation, its interaction with ammonia is produce FA-A* ions and that a very small fraction<(%)
expected to be primarily as a hydrogen bond donor because offragment further to produce FAIn contrast, excitation resonant
the much greater propensity for ammonia to serve as a hydrogenyith the strong FA-A origin produces primarily parent ions
bond acceptor than as a donor. This point is clearly illustrated with only 12% fragmenting to produce EA Mass spectra
by the structures of the 2-pyridonevater and 2-pyridone recorded at other resonances in the FA-Anass channel
ammonia clusters deduced by Held and Pratt from rotationally spectrum show similar ratios for the production of FA*and
resolved fluorescence excitation spectrosceidyn these cyclic FAT. Thus there appears to be little evidence for the presence
cis amides a single water molecule is found to interact through of more than one distinct 1:1 ammonia cluster.
short hydrogen bonds of very similar length (19697 A) with The most intense peak in the spectrum recorded for the FA-
both the NH and CO grougsin contrast, the structure derived A, mass channel at441 cnt! is assigned to the origin of a
for the ammonia cluster of 2-pyridone exhibits a strong hydrogen 1:2 cluster, FA-A. This transition exhibits an additional 108
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-344
-169

4 | (b) -169 cm’*
i

35700 35800 35900 (a) -344 cm!

Wavenumber (cm’') h
Figure 4. Mass-selected R2PI spectrum of the ternary cluster of FA A J W /A

containing one water and one ammonia molecule, FAYVdetected 1é0 13‘0 1“‘0 1“50 1é0 1’70
in the parent ion mass channel of 156 amu. Cluster origin shifts are

. . Mass (amu}
given relative to that of the bare molecule.

) ) ) Figure 5. Time-of-flight mass spectrum for the FA-\A; cluster
cm-* red shift beyond the 333 criired shift seen in FA-A A recorded for ionization through the indicated resonances associated with
second distinct, but weaker, peak is also observed3atl cnt?, two different origin transitions. The dominant peak at 138 amu
which corresponds to a 12 crhblue shift from the FA-A corresponds to a fragment produced by loss of water from the parent

origin. With slight changes in the expansion conditions the ioN-
relative height of this peak can be made considerably larger. . . . ) .
Mass spectra reveal that photoionizatior-821 cn? produces each of the cluster origins is consistent with both species having

substantially more FA-& than FA-A* (as opposed to the 58% &N amide NH hydrogen bond to one of th_e solvent molecules,
yield of FA-A,* at —441 cnml) and therefore suggest that this although the solvent molecule accepting this hydrogen bond may
resonance be assigned to a second RAclister. The poorer differ in the two species. It might additionally be anticipated

signal-to-noise ratio obtained with this spectrum makes defini- that the SpeCieS’_ with_the less r_ed-shifted origin has a second
tive assignment of some of the other features difficult and the Nydrogen bond in which the amide carbonyl oxygen serves as

presence of transitions in other FA-&pecies or higher-order 2" acceptor because such interactions are seen to produce blue-

clusters that efficiently fragment cannot be ruled out. In fact, shifted origins in both FA-Wand FA-W, clusters.
this type of fragmentation appears to be the source of much of
the ion signal appearing in the spectral region between the two
assigned origins. On the basis of their large red-shifts from the  Additional insights into the structures and properties of the
FA origin, both FA-A species must possess a hydrogen bond hydrogen-bonded clusters of FA have been obtained from
between the amide NH group and an ammonia nitrogen. geometry optimizations and harmonic frequency calculations
R2PI Spectra of FA—Water—Ammonia Clusters. The using ab initio HF theory. All calculations were carried out
spectrum obtained by monitoring the 156-amu mass channel,using 6-31G** basis sets. For the minimum energy structures
corresponding to ionic clusters containing one ammonia and containing one and two water molecules the effect of recalculat-
one water, FA-WA", is shown in Figure 4. Two groups of ing the electronic energies at the MP2 level while retaining the
peaks are found to originate with shifts-e844 and—169 cnt? HF geometries was investigated and found to alter the relative
from the FA origin. The origin region of the red-most shifted energies by less than 0.7 kcal/mol. Differences of this magnitude
group displays a triplet of peaks with a spacing of roughly 3 would have little impact on the assignment of the observed
cm~1. A doublet having similar spacing is found 20 cthto spectral features to specific cluster structures and therefore were
the blue and appears to be associated with vibronic transitionsnot carried out for the remainder of the clusters. The relative
within the same cluster. A second group of peaks is found 175 HF energies calculated for all cluster structures are summarized
cm~! to the blue. These have none of the multiplet structure in Table 2, as are the energies corrected for zero-point vibration
seen in the first group and would therefore seem to be associatedor the smaller clusters.
with a different cluster species. Based off of this second FA—Water Clusters. Ab initio HF geometry optimizations
electronic origin are two weaker peaks that appear to be yield structured—4in Figure 6 as stationary points on the FA-
fundamental transitions of 10 and 28 chvibrational modes. W, potential energy surface. Structutles3 correspond to local
A fairly weak overtone of the 28 cmt mode can also be  minima and were located previously by Simons and co-workers
discerned. using HF theory with a 6-31G* basis eln structurel water
Mass spectra recorded for photoionization through the two serves as hydrogen bond acceptor from the NH group, whereas
origin transitions are shown in Figure 5. The two are quite in structure® and3 water serves as a hydrogen bond donor to
similar and show a relatively weak peak corresponding to the the carbonyl oxygen. At the HF/6-31G** level of theory
parent cluster mass of 156 amu and a dominant peak at 138structurel is predicted to be 0.2 and 1.0 kcal/mol more stable
amu corresponding to the production of FA%Aby loss of than structure® and3, respectively, and 0.8 and 1.5 kcal/mol
water. Only a very small amount of the fragmentation product more stable when zero-point vibrational energies are included.
resulting from loss of ammonia at 139 amu is seen. Additionally, Atthe MP2/6-31G*//HF/6-31G* level of theory similar relative
a weak feature at the bare FAnass is also seen in both spectra. stabilities were obtained, witR and 3 calculated to be 0.79
No ions in the higher mass region corresponding to clusters and 1.31 kcal/mol less stable, respectively, thamhen zero-
containing three water or ammonia molecules (125 amu) point vibrational energies were includédSimons and co-
are seen. This observation would appear to confirm that theseworkers assigned the 219 cnt? shifted FA-W, transition to
two electronic origins do arise from neutral FA#4 clusters. structurel and the 112 cm' shifted transition to structurg.®
Despite having different structures that produce different spectral No evidence for a second FA-étructure in which the water
shifts, both parent ions undergo fairly efficient fragmentation served as a hydrogen bond donor corresponding to stru8ture
to produce the same products. The relatively large red-shift of was observed. This would be expected if the barrier for

Discussion
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TABLE 2: Summary of Assignments of Cluster Structures
to Observed Electronic Origins and Calculated Relative
Energies

spectral relative relative
shift binding energy  energy°
cluster (cm™) site structurg (kcal/mol) (kcal/mol)
FA-W, —219 NH 1 0 0
112 CO 2 0.2 0.8
CO 3 1.0 1.5
CO 4 1.8 1.9
FA-W, —483 NH 5 0.9 0.5
95 CO 6 0 0
—16 NHand CO 7 2.9 1.8
FA-W, NH and CO 8 7.9
—13 NHand CO 9 0
CO 10 3.6
FA-A1 —333 NH 11 0 0
CO 12 2.9 29
FA-A, —441 NH 13 0 0
—321* NH see text 0.4 0.1
—322® NHandCO 14 1.2 0.6
FA-W:A;  —344 NH 15 0
CO 16 1.7
—-169 NHandCO 17 1.8

a Structures are displayed in Figures 8. Ab initio HF geometry
optimizations were carried out using 6-31G** basis seRelative
energies in this column have been corrected to include zero-point
vibrational energies as calculated with 6-31G** basis s&8tructure
4 is a transition state.The assignment of this FA-Atransition is
uncertain.

206 ™

206 |

Figure 6. Structures resulting from ab initio HF geometry optimizations

for FA-W,. Hydrogen bond lengths (A) and relative energies corrected
for zero-point vibration (kcal/mol) are shown for each structure.

Structure4 was obtained by optimization of a transition state.

migration of water across the carbonyl group was quite low.
Structured in Figure 6 corresponds to the transition state, having
a single imaginary vibrational frequency, for this migration and
is calculated to lie 1.9 kcal/mol above the minimum energy
structure,1, but only 0.5 kcal/mol above structue Thus the

presence of only a single carbonyl-bound cluster is entirely
consistent with these calculations. A similar barrier height of

Fedorov and Cable

(1.8)

Figure 7. Structures resulting from ab initio HF geometry optimizations
for FA-W,. Hydrogen bond lengths and other relevant distances (A)
and relative energies corrected for zero-point vibration (kcal/mol) are
shown for each structure.

0.9 kcal/mol has also been calculated for the analogous transition
state in the cluster of formaldehydevater!®

Three selected energy-minimized structures for FA-ake
shown in Figure 7. Structurésand6 can be viewed as water
dimers interacting through one hydrogen bond with either the
amide NH group or the carbonyl oxygen. The relative stabilities
of these two species are reversed from what is calculated for
the comparable FA-\/clusters where the NH-bound species
is more stable. Additional interactions in these FA-¥lUsters
with either the pi electron system or the aldehyde proton appear
to be present and may be responsible for the reversal of
stabilities. The 95 cmt shifted transition in FA-W was
previously assigned to the carbonyl-bound structBreshereas
the —483 cm'® shifted transition was assigned to structbre
In addition to a wateramide and waterwater hydrogen bond,
structure5 also displays a short distance, 2.68 A, between one
of the water protons and the ortho carbon of the phenyl ring,
indicative of a weak interaction with the pi electron system. As
Simons and co-workers have pointed out, this additional
interaction is responsible for the very large red-shift and
extensive low-frequency vibronic activity seen in the electronic
transition of this cluste? The short separation between the water
oxygen and aldehyde proton Bimay also be indicative of a
weak interaction. Recent MP2 calculations conducted on the
clusters of formaldehyde with two water molecules having a
similar structure indicate that this interaction is enhanced by
the presence of the first carbonyl-bound water and that the
electron density between the formaldehyde hydrogen and the
second water oxygen is typical of that found in a conventional
hydrogen bond$

The third identified FA-W isomer shows a smal; 16 cnt!
shift in its electronic origin and is assigned to a structure where
one water hydrogen bonds at each of the two amide sites. The
ab initio optimized geometry of this complex is shown as
structure? in Figure 7 and appears to be roughly a composite
of the two single water clustefsand?2. However, both of the
hydrogen bond lengths i@ are slightly shorter than their
counterparts il and2. Previous calculations of the total binding
energy of7 also gave a value that exceeds the sum of the binding
energies inl and2 by 1.1 kcal/moF These two observations
are both indicative of a cooperative interaction between the two
amide hydrogen-bonding sites. Similar magnitudes of the
cooperative increase in the total hydrogen bond energy and
decrease in the individual hydrogen bond lengths have also been



Hydrogen-Bonded Formanilide Clusters J. Phys. Chem. A, Vol. 104, No. 21, 2004049

calculated for the analogous clusteMsmethylacetamide with N
two water molecule’'® As Figure 7 shows, an even larger M 1.98
cooperative decrease in the amideater hydrogen bond lengths

occurs when the second water molecule binds directly to the 2.01 %,
first, as in5 and6. "

At the HF/6-31G** level, structurd is calculated to lie 1.8 I
kcal/mol above the minimum energy FA\8tructure 6, when g
zero-point vibrational energies are included. This is lower than 1:95 "= g 03 (7.9
the value of 2.9 kcal/mol reported by Simons and co-workers
at the MP2/6-31G*//HF/6-31G* levéhnd the 2.3 kcal/mol we
find at the MP2/6-31G**//HF/6-31G** level. Neither value
obtained with the larger basis set seems sufficiently high to rule
out the presence of such a structure in the supersonic jet
expansion. A number of other local minima were also located
on the FA-W potential surface by the previous calculatiéns,
although most of these may be connected to more stable minima
by low-energy transition states, as in FArWand would
therefore not be observed in the expansion.

The resonance shifted by13 cnt! appearing in the FA-
W4T, FA-W5T, and FA-Ws™ mass channels is assigned to an
FA-W, cluster. Although other resonances are seen in the FA-

W.* mass channel that can be assigned to FAeWisters, no 80 - (;_%)
arditional distinct transitior_ls are _seen in the FA*mass Figure 8. Structures resulting from ab initio HF geometry optimizations
channel that. can be aSSOCIated. WIFh a neutral FAcWster. for FA-W,. Hydrogen bond lengths (A) and relative energies (kcal/
Careful scrutiny of the spectrum in Figure 2b does reveal a weak o)y are shown for each structure.

tail on the red side of the strong FA-M@rigin transition but it

is not clear if this arises from FA-WIn any case, the FAW 1 ang2. Additionally, the hydrogen bond lengths between the
cluster appears to be unusually stable, such that during clustefo,; water molecules range from 1.86 to 1.88 A, whereas in
growth in the expansion the majority of any FAsMhat is  the two FA-W clusters,5 and 6, the water-water hydrogen

formed is readily converted to FA-Wby addition of water. bond lengths are 1.95 to 1.96 A. The pattern of hydrogen bonds
Further, this stability appears to be associated with only a single, the bridged structur®, where each water serves as both a

cluster structure despite the fact that a numbgr of hydrogen-hydrogen bond donor and acceptor, leads to a cooperative
bonded structures could be produced having different numbersgnnancement of all four of the hydrogen bonds. An ab initio

of hydrogen-bonded water molecules at each of the two amide gy,4y on similar-sized water clusters was previously undertaken

binding sites. N - _ at the MP2 and MP4 levels to determine the magnitude of the
Because the FA-Worigin transition is red-shifted only 13 cooperative or many-body terms to the total interaction en€rgy.
cm! from that of FA and blue-shifted only 3 crhfrom that In the most stable water pentamer, which has the same number

of the FA-W cluster having a hydrogen-bonded water molecule and pattern of hydrogen bonds@ghe cooperative terms were
at both the amide NH and CO sites, it also is assigned to afound to account for 19.5% of the total interaction energy, with
structure where the both the amide proton and carbonyl oxygenthree-body interactions making the dominant (18.9%) contribu-
participate in hydrogen bonds. The additional two water tjon.
molecules must be hydrogen bonded to the water molecules  pyeyious spectroscopic work on water clusters of benzene
interacting directly with the amide in a manner that locates them o« focused on the structures of clusters containing up to eight
remotely to the phenyl chromophore. water molecule$229The cluster containing four water molecules
A number of cluster geometries having these characteristicswas deduced to contain a cyclic water tetramer that was able to
were investigated by ab initio geometry optimizations. The most serve as a proton donor to the pi electron cloud. In this case,
stable is shown as structuin Figure 8 and possesses a the hydrocarbon solute did not appreciably alter the structure
hydrogen-bonded bridge of four water molecules anchored atof the water tetramer from that calculated to be the lowest-
each end by a hydrogen bond to the amide. For comparison,energy structure of the isolated clugfesr from that observed
structure8, which is essentially a composite of the two FA-W  with far-infrared vibratior-rotation-tunneling spectroscopy.
structures5 and 6, contains two noninteracting water dimers  |f the FA-W, cluster contained a cyclic water tetramer, the
hydrogen bonded to separate amide sites and is found as a locghteraction with the amide would most likely be as a hydrogen
potential minimum lying 7.9 kcal/mol higher in energy. Of bond donor to the carbonyl oxygen. This interaction would be
course, the composite structudecontains only four strong  expected to blue shift the electronic origin, contrary to what is
hydrogen bonds compared with the five that are found in the gbserved. Nevertheless, such a structure does contain five
bridged structure. hydrogen bonds and would therefore be expected to be more
Beyond the number of hydrogen bonds, some insight into stable than other noncyclic structures. Ab initio geometry
the increased stability & can be obtained by comparing the optimizations were also carried out on a structure containing
calculated hydrogen bond lengths with those obtained for somesuch a water tetramer built up by addition of two water
of the other clusters. 18 the G=0---H and N-H---O hydrogen molecules to the optimized FA-Wstructure6. The resulting
bond lengths are 1.88 and 1.97 A, respectively. These valuesoptimized structurd0is shown in Figure 8. This local minimum
correspond to decreases of 0.08 and 0.14 A from the analogoudies 3.6 kcal/mol above that & The G=0--+H hydrogen bond
bond lengths in the FA-Wcluster, 7, which as mentioned  length is 0.15 A longer in this structure than9nas might be
previously are shorter than those present in the FAellsters, expected because the interacting water functions as a double
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Figure 9. Structures resulting from ab initio HF geometry optimizations
for FA-A; and FA-A. Hydrogen bond lengths and other relevant
distances (A) and relative energies corrected for zero-point vibration
(kcal/mol) are shown for each structure.

hydrogen bond donor. Although structut® does appear to

Fedorov and Cable

hydrogens is such to give the complex essenti@igymmetry
even though symmetry constraints were not applied during the
optimization. Internal rotation of the ammonia about the
hydrogen bond appears to occur over a very small barrier.
Structures optimized undés symmetry constraints differing

in their ammonia torsional angles by 6@ere calculated to
differ in energy by only 16 cmt.

As with the FA-W cluster, in which water serves as a
hydrogen bond acceptor, the observed red shift of the electronic
origin is indicative of the increased stability of the amide
N—H---N(O) hydrogen bond in the excited electronic state
because of the charge reorganization associated with the
electronic transition. The fact that the magnitude of the red shift
in the ammonia cluster exceeds that of the water cluster gives
further confirmation of the stronger hydrogen-bonding interac-
tion associated with an ammonia acceptor than with a water
acceptor. Similar results have also been reported for the spectral
shifts observed for clusters of carbazole with water and
ammonig® Here the carbazole NH functions as a hydrogen bond
donor to the heteroatom of the solvent, resulting in a 491'cm
red-shift for water and a 709 crhred-shift for ammonia. The
larger red shifts for the carbazole clusters indicates that a much
larger enhancement of the hydrogen bond strength occurs in
their § states than in the;Sstates of the FA clusters.

Both origin transitions observed in FAAare red-shifted
relative to FA and therefore must contain a hydrogen bond
between the amide NH and one of the ammonia nitrogens. The
two species differ in the location of the second ammonia

retain an interaction between the aldehyde hydrogen and a watemolecule. The most red-shifted origir;441 cni?, lies 108

oxygen, it lacks any cooperativity between the two amide sites.

cm! to the red of that of FA-A In analogy to the FA-W

This and the requirement that one of the waters serve as a doubleluster with the—483 cnr? origin, this FA-A; cluster is assigned

donor appear to be responsible for the decreased stabilit§ of
relative t09.

to the energy-minimized structur®3 in Figure 9. Here the
second ammonia accepts a hydrogen bond from the first and

Clusters containing chains of up to four water molecules have has one of its hydrogens located 3.02 A above the ortho phenyl

also been recently observed by Bach and LeutwAfiém.their
work, the bifunctional hydrogen-bonding molecule 7-hydroxy-

carbon. Two factors account for the increased red-shift in such
a structure. First, the hydrogen bond between the two ammonias

quinoline was used as the chromophore. Structures containingéhhances the accepting ability of the first ammonia interacting
chains of two, three, and four water molecules stretched betweenwith amide NH group, and second, the location of one of the

the hydroxy donor and the pyridine nitrogen acceptor were

hydrogens on the other ammonia is characteristic of a weak

assigned on the basis of spectral shifts, ultraviolet hole-burning interaction with the pi electron system. This interaction must

experiments, and comparison with ab initio HF calculations. In
contrast to the case with FA-)Mhe bridged 7-hydroxyquinoline
clusters exhibited very red-shifted origins (exceeding 1600

be considerably weaker than that present in the analogous water
cluster,5, because ammonia is a much weaker donor than water,
and is confirmed by the larger distance between the interacting

cm), and two bridged and three nonbridged structures were proton and the phenyl ring.

identified for the cluster containing four water molecules.
FA—Ammonia Clusters. In comparison with water, am-

Figure 9 also displays an alternative energy-minimized
structure, 14, in which the second ammonia functions as a

monia is expected to function as a stronger hydrogen bond hydrogen bond donor to the carbonyl oxygen. This structure is
acceptor and a much weaker hydrogen bond donor. As evidencecalculated to lie 0.6 kcal/mol higher in energy than structure
for the former, one can compare the calculated binding energy 13 when zero-point vibrational energies are included. The

of the ammoniawater cluster, 6.28 kcal/méf, with that of

the water dimer, 5.0 kcal/mé?, and for the latter one can
compare the calculated ammonia dimer binding energy of2.81
2.98 kcal/moi®27 with that of the ammoniawater clustef?
Figure 9 displays two of the energy-minimized structures for
FA-A; at the HF/6-31G** level of theory. As expected, the
structure in which ammonia functions as a hydrogen bond
acceptor of the amide NH,], is calculated to lie 2.9 kcal/mol
lower in energy than the structure in which the ammonia
functions as a hydrogen bond donor to the carbonyl oxygen,
12. Thus the assignment of a single origin transition in the
spectrum of FA-A is entirely consistent with the presence of

additional hydrogen-bonding interaction with the carbonyl
acceptor should result in a blue shift of the electronic origin
relative to FA-A. Experimentally, a second FAforigin is
found 12 cm! to the blue of the FA-A origin that might be
reasonably assigned t&4. However, ab initio geometry
optimizations also yield a third structure similar 18 except
that the second ammonia accepts a hydrogen bond from the
N—H of the first ammonia that eclipses the amide’s aldehyde
hydrogen. This more extended structure is calculated to lie only
0.1 kcal/mol abovel3 and exhibits no interaction between the
second ammonia and the pi electron system. It would therefore
be expected to exhibit a smaller red-shift tHz8) although the

only the more stable species in the expansion. The hydrogenhydrogen bond between the first ammonia and the amide NH

bond length inl1is calculated to be 2.17 A and the-¥-+N
angle is calculated to be 17.2The orientation of the ammonia

would still be enhanced by the presence of the ammenia
ammonia hydrogen bond, further red-shifting the electronic
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15, and interchanging the solvents results in a further 3.3 kcal/
mol destabilization by requiring ammonia to serve as the
hydrogen bond donor to the carbonyl oxygen.

Experimentally, Figure 4 reveals the presence of two distinct
clusters that both have electronic transitions red-shifted from
that of the bare molecule. On the basis of all the results from
the binary clusters, this observation requires the presence of a
hydrogen bond in which the amide NH group serves as a donor
to the solvent and eliminate46 from consideration for
assignment to either of the two observed origins. Furthermore,
the similarity of FA-WA; structurel6 to FA-W, structure6
would lead one to expect similar fragmentation patterns after
resonant photoionization. This particular FA;\Eluster, in
which a water dimer serves as a single hydrogen bond donor to
the carbonyl oxygen, undergoes very efficient ionic fragmenta-
tion such that the parent ion appears in only 1% abundance.
Thus if an FA-WA cluster having structur&6 were present

2:02 (11_33) in the expansion, its spectral signature would be expected to

Figure 10. Structures resulting from ab initio HF geometry optimiza- appear in one of the fragmentation cha_nnels (FA-Ar FA-

tions for FA\WiA,. Hydrogen bond lengths and other relevant distances W1") and not in the channel corresponding to the parent mass.
(A) and relative energies (kcal/mol) are shown for each structure. The red-most shifted origin of FA-W&,, —344 cnt?, is most
logically assigned to structurés. The magnitude of its red-
shift is larger than that of the 1:1 water cluster hydrogen-bonded
at the amide NH because of the enhancement of the amide
water hydrogen bond by the presence of the ammonia. Ad-
ditionally, its red shift is not as large as that of the analogous
1:2 water clusterb, in which the second water appears to interact
a/ia a pi-type hydrogen bond with phenyl group. Although
structures5 and 15 are generally similar, the analogous
separation between the second solvent molecule’s hydrogen and
the ortho phenyl carbon increases from 2.68 to 3.02 A on going
from FA-W, to FA-W;A;. This is exactly what would be
expected because water is a much stronger hydrogen bond donor
than ammonia and the result of this weaker interaction with
the pi system would be a decrease in the magnitude of the origin
red-shift. Furthermore, the-344 cnt! FA-W;A; origin is
associated with fairly strong low-frequency vibronic activity,
much as is the origin of the analogous FA-@Wuster. The only
FA-W, cluster origin displaying such vibronic activity is
associated with the cluster having the pi-type hydrogen bond,

transition from that of FA-A, 11. Although this extended
structure is calculated to be slightly more stable than a
harmonic frequency analysis reveals a single imaginary fre-
qguency, characteristic of a first-order transition state. Coupled
with the knowledge that rotation of a single ammonia about its
hydrogen bond to the amide NH occurs essentially freely, it is
not clear whether such an extended structure corresponds to
true local minimum or, if it does, whether the zero-point level
lies below the barrier separating it from structlr&@ Thus it
remains difficult to make a definitive assignment to the second
FA-A; origin at —321 cnT.

FA—Ammonia—Water Clusters. Many more distinct sta-
tionary points are expected to appear on the potential energy
surface of FA-WA1 than on that of either FA-Wor FA-A;
because corresponding to any identified structure is usually
another that differs by interchange of the two distinct solvents.
Figure 10 displays the minimum energy FAD\ structure,

15, and the two other structures6 and17, which lie within 2
kcal/mol of the minimum. All other located minima lie at least ; "
1 kcal/mol abovel6 and17. In structurel5 water serves as a  WNich lends additional support of the344 cn* FA-W.A;
hydrogen bond acceptor from the amide NH and simultaneouslyOrlgln to structurels.

donates a hydrogen bond to ammonia. Geometry optimization Assignment of the second FAJA| origin at—169 cn*to

of the related cluster having the positions of the ammonia and structurel7 is also consistent with the results obtained with
water solvents interchanged produces a local minimum lying the water and ammonia binary clusters. This FAANreso-

2.9 keal/mol higher in energy. Such a structure contains a much nance is blue-shifted 164 crhfrom that of the FA-A cluster,
weaker ammontawater hydrogen bond in which ammonia which also has a Strong hydrogen bond between the amide NH
serves as the donor. Structut6 also contains an ammonia ~ @nd the ammonia. Therefore addition of a second hydrogen-
water hydrogen bond having the preferred orientation as well bonding interaction between water and the carbonyl oxygen
as a second hydrogen bond in which ammonia functions as a@ppears to be responsible for the blue shift. In the case of the
donor to the carbonyl oxygen. This weaker interaction with the binary water clusters, addition of a second water molecule
amide group lowers the stability df6 relative to15 by 1.7 having a hydrogen bond with the carbonyl oxygen to the 1:1
kcal/mol. The analogous ternary cluster of formaldehyde has NH bound cluster produces a 203 tiblue shift of the
recently been studied theoretically and estimated to have a totalelectronic origin.

binding energy of 10.1 kcal/méf,which appears to also include Despite the assignment of the two FAM{ origins to quite

a stabilizing interaction between the water oxygen and the different cluster structures, the fragmentation patterns after
aldehyde hydrogen, as evidenced by their rather small separaphotoionization are quite similar. As Figure 5 shows, both
tion. Interchanging the solvent positionslif and reoptimizing fragment by loss of one solvent to a fairly similar extent and in
the geometry destabilizes the cluster by 1.1 kcal/mol. The third both cases the solvent lost is almost exclusively water. Whereas
relatively low-energy minimum corresponds to structlivein such an observation might be expected for structifrevhere
which water serves as a hydrogen bond donor to the carbonylthe water would be lost from the carbonyl group, the loss of
oxygen and ammonia functions as a hydrogen bond acceptorwater from structurd5 clearly requires extensive reorganization
from the amide NH. This structure, which lacks an ammenia  because the water is hydrogen bonded to both FA and ammonia.
water hydrogen bond, is calculated to lie 1.8 kcal/mol above lonization of FA is expected to increase the hydrogen bond
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donating ability of the amide NH group but decrease the structures are calculated to lie within 2.7 kcal/mol of the global

accepting ability of the carbonyl group. Thus in both cases ionic minimum and only two of these have been observed experi-
fragmentation appears to proceed in a manner that producesmentally. In the most stable structure, the water and the ammonia
the species expected to have the strongest hydrogen bond, FAform a strong hydrogen bond, with ammonia serving as the

Agt. acceptor, and the water in turn accepts a hydrogen bond from
the amide NH. In the other structure observed, the two solvent
Summary molecules interact independent of each other at the two distinct

amide binding sites, with ammonia serving as an acceptor at
the amide NH and water serving as a donor to the carbonyl
oxygen.

The previous work of Simons and co-workeren the
hydrated clusters ofransFA has been extended to include
binary ammonia clusters as well as ternary ammoniater
clusters. In agreement with this earlier work, two distinct 1:1
water clusters are observed in which water interacts at either
the amide NH or carbonyl sites. Besides the two earlier reported
1:2 clusters containing a water dimer singly hydrogen-bonded
to one of the two amide sites, a third 1:2 cluster has also beenreferences and Notes
obser\_/ed in which ea_lch water forms a hydrogen. bond Wi'gh_the (1) Saenger, W.: Jeffrey, G. Aydrogen Bonding in Biological
two S|t¢s on opposite sides of the trans.am|de. Ab initio StructuresSprméer_\',‘erlag: Berlin, 1991.
calculations on such a structure reveal evidence for a small  (2) Eberhardt, E. S.; Raines, R.J.Am. Chem. S04994 116, 2149.
degree of cooperativity between the two amide sites. The very  (3) Stewart, W. E; Siddall, T. HChem. Re. 1970 70, 517.
small spectral shift of the electronic origin of this particular 119(42')0?"\%""”63' V. P.; Wilson, K. J.; Cable, J. R.Am. Chem. 504997,
1:2 cluster from that of the bare molecute 6 cnt?) arises (5) Bourn, A. J. R.; Gillies, D. G.; Randall, E. Wetrahedron1964
from a cancellation of the perturbative effects associated with 20, 1811.

i (6) Dickinson, J. A.; Hockridge, M. R.; Robertson, E. G.; Simons, J.
hydrogt_en bo_r:jd donation and hydrogen bond acceptance by theP_J_ Phys. Chem. 4994 103 6938,
aroma}tlc amide. . (7) Lovas, F. J.; Suenram, R. D.; Fraser, GJTChem. Phys1988
A higher-order water cluster, also previously obser¥bds 88, 722.

been assigned to have a 1:4 stoichioimetry and contain a chain  (8) Held, A.; Pratt, D. W.J. Am. Chem. Sod993 115 9708.

_ P (9) Matsuda, Y.; Ebata, T.; Mikami, Nl. Chem. Phys1999 110, 8397.
of four hydrogen-bonded water molecules bridging the two (10) SPARTAN 4.0: Wavefunction: Irvine, CA.

amide binding sites. Key to the structural assignment of this  (11) Gotch, A. J.; Zwier, T. SJ. Chem. Phys1992 96, 3388.

Acknowledgment. We gratefully acknowledge the support
of the National Science Foundation (CHE-9727527) for this
research.

cluster is the small (3 cni) spectral shift of its electronic origin (12) Garrett, A. W.; Zwier, T. SJ. Chem. Phys1992 96, 3402.
from that of the 1:2 cluster with hydrogen bonds at both amide  (13) Garrett, A-W.; Severance, D. L. Zwier, T.5.Chem. Physl992

sites. The hydrogen-bonding pattern in this cyclic structure, with ™" (14 Held, A.; Pratt, D. WJ. Am. Chem. S0d.993 115, 9718.
each water and the amide serving as both a donor and an (15) Ramelot, T. A.; Hu, C.-H.; Fowler, J. E.; DeLeeuw, B. J.; Schaefer,
acceptor, appears to lead to a large cooperative stabilization.H: F. I. J. Chem. Phys1994 100, 4347.
Unlike the smaller hydrated clusters, the 1:4 species appears to g% 'B/'ii(s)ﬂ"%_'\k; FDI(a)g]tfsn,tk‘.].l_)?;- \g}:mi'nf?%?ggﬁlylsl_qczéﬁgg 4
be present only in one particularly stable structural form. 98, 13435,

The 1:1 and 1:2 binary ammonia clusters are found to exhibit ~ (18) Han, W.-G.; Suhai, Sl. Phys. Chem199§ 100, 3942.
less structural diversity than do the binary water clusters because gg; é‘;‘:g;‘fgﬁ: g] thgghg’;yf%?fﬁgge;?i;é . F. C.. Arrington, C.
of the decreased ability of ammonia to serve as a hydrogen bonda - zwier, T. S.: Fredericks, S. Y.; Wood, J. T. I.; Jordan, K.DDChem.
donor. Thus only a single 1:1 cluster is found in which ammonia Phys.1998 109 6601. _
accepts a hydrogen bond from the amide NH. Two distinct 1:2 gg éi?;gﬁ?i’. g..;SB';‘aIID;nE"E;’ Ehflk?g?g‘wn?h&?g?i é’egé 3’73‘.‘-(5 .
clusters are found that both have one ammonia accepting agayially, R. JSciencel996 271, 59.
hydrogen bond from the amide but differ in the location of the  (23) Bach, A.; Leutwyler, SChem. Phys. Letfl999 299, 381.
second ammonia. In one of these, the second ammonia accepts (24) Sadlej, J.; Moszynski, R.; Dobrowolski, J. C.; Mazurek, AJP.

. ; - Phys. Chem. A999 103 8528.

a hydrogen bond from the first and interacts weakly with the (25) Feyereisen. M. W.. Feller, D.: Dixon, D. 4. Phys. Chem1996
phenyl pi electron system. 100, 2993.

Ternary clusters containing both an ammonia and a water (26) Tao, F. M.; Klemperer, WJ. Chem. Phys1993 99, 5976.
molecule have also been investigated. Despite the large numberlsézz Hasset, D. M.; Marsden, C. J.; Smith, BChem. Phys. Let1991,
of local minima on the potential energy surface that arise from ~~(2g) Honegger, E.; Bombach, R.; Leutwyler, 5.Chem. Phys1986

interchange of the two distinct solvent molecules, only three 85, 1234.



