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Characterization of protonated formamide clusters by vibrational predissociation spectroscopy confirms
theoretical predictions that O-protonation occurs in preference to N-protonation in formamide. The confirmation
is made from a close comparison of the infrared spectra'@iB(O)NH,]; and NH [HC(O)NH;]s produced

by a supersonic expansion with the spectra produced by ab initio calculations. ROFHTHIO)NH,]3,
prominent and well-resolved vibrational features are observed at 3436 and 355Z kay derive, respectively,

from the symmetric and asymmetric Mbtretching motions of the three formamide molecules linked separately
to the NH,"™ ion core via three NH*---O hydrogen bonds. Similarly distinct absorption features are also
found for H'[HC(O)NH_]3; moreover, they differ in frequency from the corresponding vibrational modes of
NH4 T [HC(O)NH,]s by less than 10 cri. The result is consistent with a picture of proton attachment to the
oxygen atom, rather than the nitrogen atom ir{HIC(O)NH,]s. We provide in this work both spectroscopic

and computational evidence for the O-protonation of formamide and its clusters in the gas phase.

Introduction copy, instead of NMR, can be used as the diagnostic tool for
this analysis. We have recently successfully identified a number
of isomeric structures of protonated ammonveater clusters,
NH4"(H,0)n,® protonated methylamine-water clusters, £H
NH3*(H.0),,” and other related species in a supersonic jet by
employing vibrational predissociation spectroscopy and ab initio
calculations. It is demonstrated therein that a combination of
these two techniques is well suited for the detailed investigation
of proton exchange and acid-catalyzed hydrolysis of amides in
microsolvation water matrices.

Formamide (FA), the simplest molecule that contains one
C(O)—N peptide bond and two functional groups@=0O and
—NH,), serves as the prototype for this study. Being a
prototypical system, formamide has been submitted to intensive
investigations by ab initio calculations concerning its proton-

Protonation is a fundamental process in organic and biological
chemistry. It can be commonly found in acid-catalyzed addition
and/or elimination reactions of carbonyl-containing compounds.
Studies of protonation are of importance from the viewpoint of
biochemistry because it is the initial step involved in nonen-
zymatic hydrolysis of amides, peptides, and proteins in aqueous
solutions? Over the past few decades, investigations of these
fundamentally important processes have mainly been limited
to solution phases by using nuclear magnetic resonance (NMR)
spectroscopdin combination with isotope exchange technigties.
For the proton exchange between an amide [RC(O)NRd
the hydronium ion (HO™), it has been a long scrutinized
problem whether the protonation first occurs on the oxygen or
o e niroge of RCONRSs ol stoms e capae of atond = dmrizaionon-moecule associato

e S X acid/base-catalyzed hydroly$i&?2° The calculations accord-
proton exchange can proceed either via the formation of a.

Y . Loy . . ingly predict that oxygen is the energetically more favored
g;oet(r)lnﬁtggol?r:gltzg(iﬁeﬁrgggzg R%TO?ILVFIQ?;ZG formation protonation site over the nitrogen by15 kcal/mol. The
- 2

prediction is in line with the amide resonance model,

RC(O)NHR' + H™ < RC(OH=N"HR' < o\% H o A
RC(O)NHR + H' (1) SN - oSN
H H H H

RC(O)NHR' + H" <> RC(O)N'HHR' < _ . o .
4 which enhances the basicity of the oxygen in this primary amide.
RC(OINHR +H" (2) Lin et al® have attempted to verify the calculations by studying
_ ) ) proton-transfer reactions betweer[BIC(O)NH;] and HC(O)-
Unfortunately, an unambiguous conclusion regarding whether NH, in a Fourier transform ion cyclotron resonance mass
route (1) or (2) is preferred for a given R/Rs sometimes  spectrometer, but obtained inconclusive results. It suggests a
difficult to reach, even for the simplest amides in solution need of using spectroscopic methods to characterize the pro-
phases. Experiments using charged water clusters as micro- tgnation site of formamide.
solvation matricesto systematically study these reactions at e present herein the first experimental evidence to support,
varying stages of hydration are thus desired. Infrared spectros-gjthough somewhat indirectly, the theoretical prediction that the
P— - — oxygen has a higher proton affinity than the nitrogen in
. National Taiwan University. . formamide. The evidence was obtained from a direct comparison
Institute of Atomic and Molecular Sciences . . .
5 Present address: InstitirfAngewandte Chemie Adlershof, D-12489 of the vibrational spe_ctra produced by calculation and measure-
Berlin, Germany. ment for the cluster ions HHC(O)NH;]3 and NH,F[HC(O)-
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Protonated Formamide-Containing Clusters

TABLE 1: Experimentally Observed and DFT-Calculated
Stretching Frequencies (cm?) of Neutral and Protonated
Formamide Monomers

expt2 calcP

assign-

HC(O)NHy(vapor) HC(O)NH FALle FALll® FALIIl ¢ ment§
3545 3502 yOH

3570 3571 3493 3481 3328 wNH
3448 3443 3379 3382 3321 wNH
3226 wNH

2855 2875 3095 3126 3022 vCH
1755 1734 1720 1694 1867 vCO

a Reference 26° Frequencies scaled by 0.9635tructures illustrated
in Figure 4.9 See ref 26 for details.

NHz]s. A systematic comparison of the spectra between
H*[HC(O)NH;];—3 and NH,T[HC(O)NH,]:—3 enabled us to
establish a firm identification of the protonation site of forma-
mide. In this paper, aside from providing experimental evidence
for the O-protonation, the possibility of unconventionatig---O
bond formation between the formamide subunits hHHC-
(O)NHg]3 is also addressed.

Methodologies

The methodologies employed in this work include both ab
initio calculationg? and vibrational predissociation spectros-
copy$

A. Calculations. Ab initio calculations were carried out using
the commercial GAUSSIAN 94 program packa§eDensity
functional theory (DFT) calculations, performed at the B3LYP/
6-31+G* level of computatior#224provide geometries, binding
energies, vibrational frequencies, and infrared absorption in-
tensities of various structural isomers to be compared with
experimental measurements. In this calculation, geometries of
the isomers were optimized by analytical gradients without
imposing any symmetry constraints, and harmonic vibrational
frequencies were obtained from analytical second derivatives.
A vibrational frequency analysis served to identify the minima
and/or transition states of the structures. Both basis set
superposition errors and zero-point vibrational energies were
corrected for the calculated total interaction energies.

For the clusters of interest in this work, we did not find any
literature concerning the thermochemistry of the clustering,

H'FA + (n — 1)FA— H*(FA), ®3)

and

NH," + nFA — NH, " (FA), 4)
Hence, assessment of the accuracy of the calculations was mad
by comparing the calculated results to those of neutral form-
amide whose vibrational spectra have been well studied in the
gas phasé> 27 in Ar matrices?® and by previous ab initio
calculationg® Table 1 compares the presently calculated
frequencies with the observed vibrational modes of monomeric
formamide in the gas phase. As noted, use of a single scaling
factor (x0.963) successfully brings these two sets of data to
close agreement for both the NH and CH stretches. The factor
is thus used throughout this work.

B. Experiments. The experiments were conducted using a
vibrational predissociation ion trap spectrometer combined with
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with its neutral counterparts and other ingredients produced by
the discharge in a supersonic expansion. Cluster ions with
various sizes were first mass-selected by & &€ctor magnet
and then spectroscopically analyzed by a tunable infrared laser
inside an octopole ion trap. Upon excitation by resonant laser
photons, the size-selected clusters dissociated predominantly via
loss of a single formamide molecule. A quadrupole mass filter
collected the photofragments, from which vibrational predis-
sociation (action) spectra of the clusters were obtained.

Interesting proton-transfer reactions occurred during the
corona-discharge supersonic expansion. A large numbert-of H
[HC(O)NH;]NHj3 clusters were unexpectedly found, even when
only HC(O)NH,/H, was used as the gas sample mixture. The
finding can be properly accounted for by the following reaction
mechanism and energetics,

H,+e —H, +2e (5)

H," +H,—H," + H, AH° = —13.3 kcal/mol ~ (6)

FA+H;" — (H'FA)* + H,, AH° = —95.6 kcal/mol (7)

(H'FA)* — NH," + CO, AE, = 69 kcal/mol  (8)
It is noted that the energy release from reaction 7 is substantial,
AH°® = —95.6 kcal/mol, due to the large difference in proton

affinity between H and FA?° This generates internally hot
species, denoted as (AA)*, which rapidly dissociates with a
calculated dissociation barrieAEp) of 69 kcal/mol [eq 8P

A tunable pulsed infrared laser was employed to prepare
vibrationally excited formamide cluster ions at the frequency
range of 2656-3850 cnt! for CH, NH, and OH stretches.
Unimolecular dissociation of this type

H*(FA), = H*(FA), , + FA )
or
HT(FA);NH, LA H™(FA),NH, + FA (10)

was induced by the excitation. While use of the infrared photons
in this frequency range (265@850 cnt?) supplies an energy

of only 8-11 kcal/mol, which is typically lower than the
dissociation energies of the cluster ions studied herein, frag-
mentation still can take place via two-photon absorption and/
or via single-photon absorption at the expense of internal
energie$:3%In this work, we determined the cluster temperature
by measuring the spontaneous evaporation rate of the cluster
gf interest inside the octopole ion trap. With use of the DFT-
calculated energies as the dissociation barriers (because no
experimental data are yet available), fitting the measured
evaporation rates to an evaporative ensemble ribdibwed

for an approximate estimation of the cluster temperature to be
170 K for both H(FA)z; and H(FA)sNH3 investigated in this
experiment. They contain an internal energy of roughly 3 kcal/
mol, obtained from a simple statistical thermodynamics calcula-

tion.®

Results and Analysis
We classify the NH stretching modes of formamide according

a pulsed infrared laser system. We generated protonatedto how hydrogen bonding is made within the clusters. Resem-

formamide with the aid of a corona discharge ion source by
flowing HC(O)NH, vapor in pure H. The ion formed clusters

bling our previous classification of 4 in water clusters? the
stretching modes of the NH, group are characterized in terms
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AFA1I N—H*---O hydrogen bond with the formamide aligned in a trans
configuration (with respect to the=80 double bond of the
y\? -------- CK formamide). In this hydrogen bond, the excess proton is located
W at a site closer to Ngthan to FA,d(N—H*) = 1.081 A and
J d(H*---0) = 1.559 A, yielding an NH' ion core3® The
dominant source of the interaction is charglipole electrostatic
AFA2I AFA2II forces between these two subunits. It is of interest to note that
the calculated bond dissociation energyHp) of this species
D___}xm /7 is 28.8 kcal/mol (Table 2), which is substantially larger than
¥ D%o ..... Q ’{ q?,a ), o s that (24.8 kcal/moPf between NH™ and NH;, even though FA
L,?/"O }" has a lower proton affinity than NHby 7.5 kcal/mol. This
l somewhat counterintuitive result is in close agreement with the
finding of Meot-Nepf* that the N-H™+--O hydrogen bond is in
general stronger than-\H "N by 5.1 kcal/mol. We attribute
x& the strong hydrogen bonding\flp = 28.8 kcal/mol) between
NH4" and HC(O)NH to the exceptionally large dipole moment
P—( (3.73 DY of formamide due to its zwitterionic character.

L 3 An attachment of the second FA molecule to isorAEAI
O\{é""“O’ | /O‘““o..d yields more than four stable isomers for (fFA),NHz. Only

AFA2II AFA2IV

| trans isomers, which are1l kcal/mol more stable than their
Fi 1 DFT-optimized struch f HHC(O)NHZNH d cis analogues, are discussed herein. Illustrated in Figure 1 is
igure 1. -optimized structures o JNHz an i ; ;
H*[HC(O)NH,],NHs isomers. The C, N, O and H atoms are denoted '.[hﬁ Op::gnvlvzieﬁ geonr]r?r:ytﬁAFIf‘ZL’ E[I\\:\?IC?] i\c,)vma;gsfn nl\(l:iHm )
by shaded spheres, solid spheres, large open spheres, and small opéﬂ sanawiched symmetrically betwee o gand mo
spheres, respectively. ecules. It is the lowest-energy isomer of (FA),NHs, as in
the cases of F(NHz)sz (ref 36) and H(H20),NH3.67:22 The

of asymmetric free-Nbi(denoted as a-Np), symmetric free- secqnd-lowest energy isomer of this clusteABA2II , Which
NH. (denoted as s-Ny), non-hydrogen-bonded free-NH (de-  CONsists pf an FA dm_wer bound to I\_{H(Table 2). Interestingly,
noted as f-NH) and hydrogen-bonded-NH (denoted as b-NH) this blno_lln_g results in a substantial elongation of the—¥
stretches. Note that, in formamide, there exists only one single bond pointing toward the FA molecule frodfN—H") = 1.081
amino group; whenever one of the two NH bonds is involved A of AFA1I to d(N—H*) = 1.115 A of AFA2II .33 This effect
in hydrogen bonding, both the f-NH and b-NH stretches appear ©f proton pulling, analogous to that of f{CH3)20](Hz0)n (ref
simultaneously. They constitute a pair, but distinctly different 37) and H(CHsOH)(H0),,* has been understood as a result
type, of transitions. of an enhancement in the proton affinity of FA due to
We began the investigation withfHC(O)NH,],NHz, n = dimerization. For H(FA),NHs, it is possible that HFA-
1-3. The reason that this series of cluster ions was chosen tocentered isomers also form when B8 not in direct contact
investigate is because ammonia has a proton affinity of 204.0 with the extra charge. The two representative isomers of this
kcal/mol, higher than that of formamide by 7.5 kcal/rddl;  type areAFA2IIl andAFA2IV, both of which are less strongly
hence, the isomers containing an NHion core with the ~ bound thanAFA2I by roughly 12 kcal/mol.
formamide acting as a ligand molecule should dominate. It is  No vibrational predissociation spectrum was obtained for this
expected from this experiment that one can obtain spectra thatdimer. The reasons that we failed to observe the spectrum of
are easy to interpret and establish conclusive structural identi-H™(FA),NH3 are believed to be two-fold. First, the energy
fication of isomers for these clusters. The result serves as arequired to rupture the ionic hydrogen bond of the lowest-lying

useful reference for latter identification of fHHC(O)NH,]1—3 isomer AFA2l) is ~21 kcal/mol, which is much too high for
isomers and, thereby, the energetically preferred protonation sitethe dissociation to occur upon one-photon or even two-photon
of formamide. excitation. Second, the relative abundance of the higher-energy

A. HT[HC(O)NH 3]nNH3 A.1. n= 1 and 2 Figure 1 depicts isomers, such aBFA2Il which has a higher probability to be
the lowest-energy structure of fHC(O)NH,]NH3, denoted as dissociated by the infrared photons, is too low for us to observe
AFALll. Formation of this binary complex involves an ionic their action spectra in the supersonic expansion.

TABLE 2: DFT-Calculated Stepwise and Total Energies (kcal/mol) of the Clustering via Channel (I) NH* + n[HC(O)NH ;] —
H*[HC(O)NH ;]nNH3 or Channel (II) H F[HC(O)NH ;] + (n — 1) [HC(O)NH;] + NH3 — HT[HC(O)NH ;],NH3

isomers B3LYP/6-31+G*
H*[HC(O)NHz],-1NH3 H*[HC(O)NH;]NH; AEA(1) AE(Il) AEq_1,4(1) AEn_14(11)
AFAL1l —28.8 —-37.9
AFA1Il AFA2| —49.6 —58.7 —20.8
AFALll AFA2II —43.6 —52.7 —14.8
AFA1I AFA2II —38.4 —47.6 —-9.7
AFAL1l AFA2IV —-37.5 —46.6 —-8.7
AFA2| AFA3I —65.6 —74.7 —-16.0
AFA2I AFA3II —65.4 —74.5 —15.8
AFA2I AFA3III —59.8 —68.9 —10.2
AFA2II AFA3IV —54.3 —63.4 —-10.7
AFA2III AFA3V —53.4 —62.5 —14.9
AFA2III AFA3VI —53.2 —62.3 —-14.7

a Structures illustrated in Figures 1 and 3.
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TABLE 3: Frequencies (cnm?) and Assignments of the
Observed NH Stretching Absorption Bands of

HT[HC(O)NH ,]sNH3
obsd freq fwhrA calcd freq isomers$ assignments
el abalid
sl T 3554 5 3558, 3558, 355FA3l  a-NH,of FA
AFA3| 3558, 3558, 3558AFA3Il  a-NH; of FA
3560, 3559 AFA3IV a-NH, of FA
3436 6 3436, 3436, 343AFA3l  s-NH, of FA
L Ll ] 3436, 3436, 3436AFA3Il  s-NH,of FA
) ! ! ' ' 3443, 3438 AFA3IV s-NH; of FA
AFA3I| 3422 9 3436, 3438, 343RAFA3IV free-NH of NH;
3390 15 3402 AFA3l  free-NH of NH,*
| 3404 AFA3Il  free-NH of NH,™
: I . N S— . 3201 30 3178 AFA3IV asym. b-NH of FA
3157 30 3089 AFA3IV sym. b-NH of FA
AFA3II 3072 37 3071, 3063, 304AFA3Il  bonded-NH of NH*
3025 42 3051, 3050, 303&2FA3l  bonded-NH of NH*
r { E v Il | 1 . afFull width at half-maximum® Frequencies scaled by 0.963.
¢ Structures illustrated in Figure 3.
AFA3IV
| E AFA3I AFA3II
] \ I} ] 3 ]
T T ¥ 1 1 4 y }*J "i\-o .O-q }-(
b O B M g et
AFA3V i -,--"" X e T e L
E . E L Il |
— I T 1 ) p ?
AFA3VI - N *
|| : "
, [/ . oy , AFA3III AFA3IV
2650 2950 3250 3550 3850

Frequency (cm™)

Figure 2. Comparison of the vibrational predissociation spectrum of c{ - aQ
H*[HC(O)NH;]sNH; with the DFT-calculated stick diagrams of isomers %( ’
depicted in Figure 3. The beam was expanded using a room-temperature .
nozzle and a typical stagnation pressure of 100 Torr. Formamide loss
was monitored to obtain the experimental spectrum. Note that the ?
calculated intensities of the free-NH and CH stretches (solid bars) have p.’/ =
been amplified by a factor of 5 for clearer comparison to those of the 15

0

bonded-NH stretches (slashed bars).

A.2. n= 3. Figure 2 compares the experimental spectrum of

H*[HC(O)NH,]3NHs to the DFT-calculated results. Two groups

of transitions are discernible within the accessible frequency

range of 2656-3850 cnt?. They are the hydrogen-bonded-NH
stretches of the NIt central ion at 290863100 cn! and the
free-NH stretches of Nkt and the HC(O)NHligand at 3306
3600 cnt! (Table 3). Identification of the vibrational modes of
NH4" was made according to our previous studies ofsNH
(H20)3,% which has absorption bands located at 3375 tfar
the free-NH stretch and at 2962 and 3045 ¢fior the bonded-
NH stretches of the Nl ion core.

No indication was found for the f-NH stretching mode of
formamide in the vicinity of 3500 cmi in the experimental

9

o !

., e

3
~ O );
Figure 3. DFT-optimized structures of HHC(O)NH;]sNH3z isomers.

The C, N, O and H atoms are denoted by shaded spheres, solid spheres,
large open spheres, and small open spheres, respectively.

lies aboveAFA3I by only 0.2 kcal/mol. They bothAFA3I
andAFA3lIl ) are well separated in energy from the third ;NH
centered isomerAFA3IIl ) containing a second-shell FA, and

spectrum. The lack of f-NH absorption bands in the spectrum are much more stable than isom&BA3IV —AFA3VI consist-

supports the suggestion of an Mi-centered structure, in which

the three FA molecules are situated on the first solvation shell

with their oxygen atoms attached to the NHon core in a
linear N—H*---O configuratior There is only one type of FA

ing of an H"FA ion core, as shown in Figure 3 and Table 2.
The simplicity of the experimental spectrum in Figure 2

allows for a near conclusive assignment of the 3390 cband

to the free-NH stretching mode of NH in AFA3l and

in this cluster, as evidenced by the observation of the singlets AFA3II .6 Given this assignment, one may associate the other

at 3554 and 3436 cm for a-NH, and s-NH, respectively. Such
a suggestion of Nkf-centered structure is in accord with the
theoretical prediction from DFT calculations thatFA3l,
denoted as Nkt (FA);z in Figure 3, is the most stable structure
out of the six geometrical isomers (Table 2). It is highly likely
that the second-lowest energy isomM&rA3Il is also responsible
for the observed spectrum. This isomer, losing@gsymmetry,

two prominent features at3050 cnt! with the bonded-NH
stretches of Niit, because their positions agree well with the
corresponding band positions of MHH,0)s within 30 cnT1.6
A detailed assignment of these vibrational features to thg™NH
centered isomers is given in Table 3.

B. HF[HC(O)NH ;]». B.1. n= 1 and 2 Figure 4 depicts the
optimized structures of HHC(O)NH;] from the B3LYP/6-
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FA1l FAIl EA2I FAZII
/ N/
N A J - A
A FA2Ill FA2IV
::-'-'-.I f
T g
Figure 4. DFT-optimized structures of HHC(O)NH;]. The C, N, O r{ —J‘
and H atoms are denoted by shaded spheres, solid spheres, large ope f
spheres, and small open spheres, respectively. The calculated pro:
tonation energies to attain the structurgsl|, FALIl, andFALIll are FA2I
193.1, 189.6, and 177.3 kcal/mol, respectively.
TABLE 4: DFT-Calculated Stepwise and Total Energies i I
(kcal/mol) of the Clustering HT[HC(O)NH ;] + — 71 T T 1 " ¢
(n — [HC(O)NH ] — H*[HC(O)NH 7], EA2Il
isomers B3LYP/6-31+G*
HHC(O)NHan-1  HHC(O)NHZn  AEP AE; 1, L i
FA1l 0.0 o r—rrrr T
FALll 3.5 EA2IIl
FAll FA2I —-34.3 —34.3
FA1l FA2II —-31.2 —-31.2 |
FALl FA2lIII —29.7 -29.7 111
FA1l FA2IV —16.2 —16.2 ' ) ) L ) ) : " ) L ' ) !
FA2I FA3It —51.2 —16.9
FA2I FA3lc —50.5 —16.2 FASN
FA2I FA3II —49.5 —15.2 Eg l
FA2I FA3III -49.5 -15.2 BN Y| T . [SES—
FA2I FA3IV —46.6 —-12.3
EA2| FA3V —455 —11.2 2650 2950 3250 3550 3850
FA2I FA3VI —44.6 —-10.3 1
FA2I FA3VII —45.0 -10.7 Frequency (cm' )
2 Structures illustrated in Figs. 4, 5, and"8/ith respect to the total  Figure 5. DFT-optimized structures of HHC(O)NH,], isomers, where
energy of isomeFALI. the C, N, O and H atoms are denoted by shaded spheres, solid spheres,

large open spheres, and small open spheres, respectively. Shown
31+G* level of computation. Analogous to Nf+FA, three underneath are the corresponding stick spectra of isofR&gd —
isomers were found and they differ in protonation site and/or FA2IV. Note that the calculated intensities of the free-NH and CH
OH bond orientation with respect to the amino group. In Strétches (solid bars) have been amplified by a factor of 5 for clearer
agreement with prior predictiorfs15 the O-protonation is much comparison to those of the bonded-NH stretches (slashed bars).
more favorable than the N-protonation by 15 kcal/mol (cf. the two isomersEA2lll andFA2IV) contain multiple but nonlinear
caption of Figure 4). Moreover, the O-protonated formamide hydrogen bonds and are distinct in stability.
FA1l, with the electron lone pair of the oxygen atom leaning In this experiment, we were unable to obtain a good spectrum
toward the amino group, is significantly lower in energy than of H*(FA), for the same reasons as given for(HA),NHz in

its conformer FALIl) by 3.5 kcal/mol (cf. Table 4). the earlier section. In the absence of the experimental spectra,
In Table 1, we compare the calculated frequencies (after the calculated stick diagrams displayed in Figure 5 provide the

scaling byx0.963) of NH and CH stretches of isomé&rall — most valuable insight into the observed spectra of the trimer

FALlll to those of the neutral formamide. FBA1l (FALIl), discussed below.

both the a-NH and s-NH frequencies are predicted to be red- B.2. n= 3. Figure 6 presents the vibrational predissociation

shifted by 78 (90) and 64 (61) cth respectively, due to the  spectrum of H[HC(O)NH_]s, showing two well-resolved a-NH
O-protonation. A much larger frequency red-shift (up to 300 features at 3554 and 3545 ciand three overlapping bands at
cm™1), however, was found for the NH stretches of isomer 3446, 3436, and 3427 crhfor the s-NH and f-NH stretches.
FALIll . These frequency red-shifts are so prominent that they Note that, the a-Nklbands are remarkably narrow, with a full
can be used as a marker for the N-protonation. width at half-maximum (fwhm) of only 4 crt (cf. Figure 7a).
Four DFT-optimized structures of tfHC(O)NH,], isomers They can be compared to the s-Nétretches that have an fwhm
are depicted in Figure 5, and they are all O-protonated. We of 7 cm ! for each component of the barely resolved doublet
neglect the N-protonated forms here because they lie muchat 3436 and 3427 cm. Observation of such distinct band
higher in energy and should have little contribution to our separations~9 cnt1), which similarly appear in the spectra
observations. Revealed by the DFT calculations, isof#etl of isomersFA2l and FA2Il (Figure 5) for both a-NK and
is the global minimum with a binding energy of 34.3 kcal/mol s-NH, stretches, indicates that there exist more than two distinct
(Table 4). In this binary complex, the two FA subunits are linked types of formamide in this cluster unit. We assign the lower-
by a linear ionic G-H*+--O hydrogen bond with the two-€N frequency pair (a-NBland s-NH) of the two doublets to the
peptide bonds aligned nearly anti-parallel to each other in a transformamide molecule in direct contact with the excess proton,
configuration. The corresponding cis configurati®iARll ) is and the higher-frequency pair (a-Neind s-NH) of the doublets
less favorable;~3.1 kcal/mol higher in energy. The remaining to the formamide molecule forming one-¥---O hydrogen
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FA3It

FA3Il

v T —

E FA3III

FA3IV

FA3V

| FA3VI

T T —

FA3VII
1 | . h |l|
2950 3250 3550

2650 3850
Frequency (cm™)

Figure 6. Comparison of the vibrational predissociation spectrum of
H*[HC(O)NH;]s with the DFT-calculated stick diagrams of isomers

depicted in Figure 5. The beam was expanded using a room-temperatur
nozzle and a typical stagnation pressure of 100 Torr. Formamide loss
was monitored to obtain the experimental spectrum. Note that the
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(a)

(b)

(©

3300 3400 3500 3600

Frequency (cm)

Figure 7. Enlarged views of the vibrational predissociation spectra of
(a) H[HC(O)NH]3, (b,c) HT[HC(O)NH,]3NHjs in the free-NH stretch-

ing region. Note that spectra (b) and (c) were obtained under different
experimental conditions. A gas sample with saturated (unsaturated)
vapor of liquid formamide seeded in.Mas used to obtain the spectrum

¢ (b). The two samples roughly differ 10-fold in formamide concentra-
ion.

calculated intensities of the free-NH and CH stretches (solid bars) have Ventional C-H-+-O hydrogen bond8 with a total interaction
been amplified by a factor of 5 for clearer comparison to those of the energy of 10.7 kcal/mol (Table 4).

bonded-NH stretches (slashed bars).

bond with the amino group of the HfA ion core. The 3446
cmt band (fwhm= 9 cnr?l), obtained by Gaussian curve
fitting, could then be associated with the f-NH stretch of the

We emphasize that there are additionally more isomers than
those presented here for the clustel{FA)s. They are mainly
the cis analogues of the isomers depicted in Figure 8. Resem-
bling that of FA3It and FA3Ic, the cis conformers of these
isomers are all higher in energy than the corresponding trans

H*FA whose b-NH stretching mode can accordingly be found forms by ~1 kcal/mol. Also, the calculated spectra of the cis

as a broad absorption feature at 3046 &rfcf. Figure 6).

conformers are generally similar to those of the trans forms,

We compare in Figure 6 the observed spectrum to the DFT- except that the b-NH stretching frequencies of the former are

calculated stick diagrams of seven possible isorRé3It and
FA3Il —FA3VII . The first isomer, denoted &AS3It in Figure

significantly blue-shifted from the latter by100 cnt?! because
of weaker hydrogen bonding. These isomers are not discussed

8, lies at the global minimum (cf. Table 4). It has a trans-trans in detail herein to simplify the presentation of the analysis.

arrangement with respect to the twe=O double bonds of the

The features of the highest intensity in the experimental

neutral formamide subunits, resulting in a stronger bonding than spectrum of H(FA); (Figure 6) belong to a-NiHand s-NH

its trans-cis counterpart&A3ic andFA3Il) by 1—2 kcal/mol
and the cis-trans conformersHA3Ill andFA3IV) by 2—4 kcal/
mol. Compared to these linear isomefé,3V andFA3VI are

stretches. These stretches, notably, share close resemblance to
the corresponding NH stretches in NHIFA)s;. Such a resem-
blance is particularly evident for the higher-frequency pair of

less strongly bound because they both contain an FA moleculethe transitions, which agree in band position with those of the

situated on the second solvation shell of théHA ion core.

neutral formamide in N (FA); within 1 cm® (cf. Tables 3

Note that among these eight isomers depicted in Figure 8, theand 5). For the lower-frequency pair of the transitions, they differ

linear noncyclic species-A3It —FA3II) all contain a directional
N—H---O hydrogen bond connecting the third FA molecule;
hence, a dissociation energy of#t6 kcal/mol is required to
rupture the bond, yieldingA2l and monomeric FA as the final
products. In contrast, a considerably lower energyH1 Xkcal/
mol) is required for dissociation of the cyclic isomé&a3V —
FA3VII . Of particular interest is isom&A3VII , which contains
an FA linked to the protonated dimer subunit by two uncon-

by only ~10 cnT. Clearly, these frequency shifts are too small

to be caused by a strong perturbation, such as the perturbation
from protonation at the nitrogen site (€fA1lll in Table 1). It
suggests an attachment of the excess proton to the oxygen atoms,
rather than to the nitrogen atoms, in this cluster. The good
agreement reached by the close comparison of the observed
spectrum with the calculated stick diagramd=é{3lt in Figure

6 lends an experimental support to the theoretical calculations
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Figure 8. DFT-optimized structures of HHC(O)NH,]s. The C, N, O and H atoms are denoted by shaded spheres, solid spheres, large open

FA3It FA3lc FA3II

FA3III

FA3V FA3VI

FA3VII

spheres, and small open spheres, respectively.

that the proton affinity of the oxygen is higher than that of the AFA3IV —AFA3VI (cf. Figure 3). In this isomer, the excess

nitrogen in formamide. proton is located at a site closer to the formamide than to the

Discussion

A. ldentification of both H *FA- and NH,"-Centered
Isomers.Aside fromAFA3l andAFA3Il , an additional isomer

Wu et al.

ammonia fi(O—H*) = 1.063 A andd(H*--:N) = 1.542 A],
despite that the NEis in direct contact with this positive charge.

can be identified from a close examination of the spectrum of Proton pulling effect discussed earli&r.

H*[HC(O)NH;]3NHg in Figure 2. The isomer (nameRFA3IV )
is lowest in energy among the three'IFA-centered forms,

The behavior, standing as an interesting contrast to that of
AFA1l andAFA2II in Figure 1, is a direct consequence of the

We identified the existence of isomekFA3IV in the
supersonic expansion from a simultaneous observation of the
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TABLE 5: Frequencies (cnt?) and Assignments of the 4 - T " T - T
Observed NH Stretching Absorption Bands of
H*[HC(O)NH ;)3 P

obsd freq fwhm  calcd fre§  isomers assignments &0

3554 4 3556 FA3It a-Nblof FA 3r o b
3545 4 3551 FA3It a-Nblof FA 4
3446 9 3458 FA3It f-NH of H'FA
3436 7 3436 FA3It s-NH of FA
3427 7 3431 FA3It s-NH of FA
3046 100 3075 FA3It b-NH of HFA

aFull width at half-maximum® Frequencies scaled by 0.963.
¢ Structures illustrated in Figure 8 Obtained by band deconvolution.

Log(peak height)

weak but reproducible feature at 3422 ¢n{Figures 7b and 1T ] T
7¢) and the well-resolved doublet at 3157 and 3201 dffRigure
2). For the former, the band position is close to that of the free-
NH stretches (at 3417 cm) of the neutral NHin NH4T(NHa3),
(ref 36) and, therefore, it can be assigned to the same stretch of 0
NHs acting as a proton-accepting ligand of FA in H*(FA)s-
NHs. The latter can be associated with the symmetric and Log(laser power)
asymmetric bonded-NH stretches of théRFA ion core, whose Figure 9. Dependence of fragment ion intensity on laser power density
NH, bonds are both involved in hydrogen bonding as in liquid for a-NH; (®) and s-NH (O) stretches of HHC(O)NH,]:NHs. Dashed
formamide?° These bonded-NH vibrations are noticeably higher :g‘xs (?)Leatkhﬁeti’gﬁtt);'tag;rhgoev;(gg“z“negﬂ r‘izt:;% theln??r;;]noig;s/ower
in frequenC)ll than the corresponding b'.NH Stretch o(FR)s excitation is required for the dissociation of HC(O)NH;]sNH; for
at 3046 cm! due to hydrogen bond anti-cooperative effééts. ot NH stretches.

Figures 7b and 7c compare the spectra of(FFA)sNH3

synthesized under different experimental conditions to further of the peak intensities of a-NHand s-NH absorption bands
emphasize the coexistence offFA-centered and Nit- on laser pulse energy for HHC(O)NH,]3NHs. Within the
centered isomers in the supersonic expan$idws clearly seen  energy range used in this experiment, the power dependence is
from the figure, the intensity ratio of the bands at 3390 and clearly nonlinear. A statistical average of 1.3 photons per
3422 cn1t, which are the fingerprints of these two distinct types excitation is required for the dissociation of these clusters,
of isomers, can vary sensitively with the gas composition. An indicating that a significant portion of the observed signal is
equality in intensity was obtained when saturated formamide derived from a two-photon process. It should be noted that while
vapor seeded in Hwas used as the gas sample for the corona- the H"FA-centered cluster isomekFA3IV may exist in a
discharged supersonic expansion. substantially less amount thafA3l andAFA3Il in the beam

A questions may be raised: How can théFA-centered due to weaker hydrogen bonding, it can be detected more easily
isomers be observed by the present experiment since they lieby this vibrational predissociation ion trap spectrometer via one-
so much higher in energy than the corresponding Néentered photon excitation process.
isomers? We believe that the answer is closely associated with  B. Implications for C—H---O Formation. Comparison of
the clustering kinetics involved in the supersonic expansion, the spectra in Figure 6 favors an assignment of the observed
the dynamics of interconversion between NHand HFA- vibrational features to isomefA3It rather than toFA3Il —
centered forms, and the difference in excitation scheme betweenFA3VI (Table 5). We notice, however, that the b-NH absorption
these two types of isomers. In this work, the clusters of interest band as observed experimentally is significantly lower in
are produced by an adiabatic expansion, which is a nonequi-intensity than that predicted f&A3It. It seems to suggest the
librium process. Hence, clustering kinetics, in addition to presence of a second isomer. A close inspection of the eight
energetics, should govern the relative abundance of the clusterstructures (and their cis conformers) depicted in Figure 8 reveals
isomers in the beam. One may expect that when th@g=K)s- that isomeFA3VII is the only species without a b-NH group.
NHs ions are produced adiabatically, statistically some of them The other seven isomers all contain one pair of transitions,
should be centered withHFA. These HFA-centered isomers  belonging to f-NH and b-NH stretches, in their calculated
can be easily trapped in this configuration because, in order to spectra. Hence, according to the present calculations, the fact
have them converted to the corresponding sNidentered that we failed to observe an intense b-NH absorption band in
isomers, a high barrier must be overcome. It involves a large the experimental spectrum (Figure 6) implies that isomer

movement of the FA molecule from one side of theRA ion FA3VII, while not lowest in energy, might make a significant

core to another, which is clearly not an energetically favorable contribution to the observation. We have attempted a temper-

process. ature dependence measurerdefd verify the presence of this
Previously? we demonstrated in the study of IWHH>0)3—¢ isomer but, unsuccessfully, the temperature range we could vary

that the vibrational predissociation involved therein is primarily is too small to allow us to observe any significant changes in
a one-photon process. Such a process prevails because ththe spectrum. It remains a challenge to establish a conclusive
energies required to dissociate these cluster ions are relativelyidentification of this intriguing species in the supersonic
low, ranging from 10 to 13 kcal/mol, and the dissociation can expansion.

occur at the expense of required internal energies. For the present The prediction for the existence of isonfeA3VIl in Table
dissociation ofAFA3l and AFA3II , however, more than one 4 ties in to our previous identification of the unconventional
photon should be needed because these isomers are all boun@—H-+-O bond formation in [(Ch),0],HT—H0.2 It also links

with a dissociation energy of16 kcal/mol (Table 2). Shown this work with the studies of €H:--O hydrogen bond3 in

in Figure 9 is the experimental measurement on the dependencéiomolecular crystals. In a series of studies eft&--O contacts
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the C-H---O interactions in biomolecules, particularly in
proteins or polypeptides. Whether these types of interactions
can actually exist in biomolecules and how they affect the
protein folding processé%is an interesting subject to address
in future experiments.
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