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Density functional theory (DFT) calculations of cyanate (O¢kharge-transfer complexes were performed

to model the “XCN” feature observed in interstellar icy grain mantles. OC€Narge-transfer complexes

were formed from precursor combinations of HNCO or HOCN with either; MHH,O. Three different
solvation strategies for realistically modeling the ice matrix environment were explored, including (1) continuum
solvation, (2) pure DFT cluster calculations, and (3) an ONIOM DFT/PM3 cluster calculation. The model
complexes were evaluated by their ability to reproduce seven spectroscopic measurements associated with
XCN: the band origin of the OCNasymmetric stretching mode, shifts in that frequency due to isotopic
substitutions of C, N, O, and H, plus two weak features. The continuum solvent field method produced results
consistent with some of the experimental data but failed to account for other behavior due to its limited
capacity to describe molecular interactions with solvent. DFT cluster calculations successfully reproduced
the available spectroscopic measurements very well. In particular, the deuterium shift showed excellent
agreement in complexes where OCNas fully solvated. Detailed studies of representative complexes including
from two to twelve water molecules allowed the exploration of various possible solvation structures and
provided insights into solvation trends. Moreover, complexes arising from cyanic or isocyanic acid in pure
water suggested an alternative mechanism for the formation of Giblrge-transfer complexes without the
need for a strong base such as \bl be present. An extended ONIOM (B3LYP/PM3) cluster calculation
was also performed to assess the impact of a more realistic environment on HNCO dissociation in pure

water.
1. Introduction free energy!’ This favorable change of free energy in solvation
Solvation is a fundamental issue in condensed-phase chem-211ses from the unique properties of condensed-phase water.
istry. It is a minor or major theme in fields ranging from In modeling some of the processes that occur in water or ice

biological, atmospheric, and environmental science to chemical with quantum chemistry, it is absolutely essential to include
manufacturing and nanotechnology. Aqueous solvation plays aexplicit water molecules that play a direct, chemical f§te?

role in many biochemical processes, such as enzymatic reacHowever, under other circumstances, embedding the minimal
tions!2 protein folding3~7 and pharmacolog$?® Also, much set of molecular moieties in an approximate continuum solvent
of environmental chemistry is dominated by solvesoblute field is sufficient. The net solvent effect upon solute molecules
interactions, which often occur at heterogeneous boundaries,is a combination of short-range interactions with water mol-
as in the case of the adsorption and degradation of pollutantecules in the first and second coordination shells plus the long-
molecules at soligwater interfaced® 14 Solution behavior is  range interaction with the bulk matrix, which is mediated
even relevant in astrochemistry, where processes confined onthrough the dielectric constant. The present work provides an
or within the icy mantles that form around dust particles in the instructive opportunity to compare and contrast different strate-
interstellar medium (ISM) may be considerably different from  gies for modeling the solvation behavior of CT pairs in ice.
gas-phase behaviét.While water is absolutely essential for Under the extremely low pressures and temperatures found
terrestrlal life, it's still an open question as to how critical and ., e ISM, HO can exist in both amorphous and crystalline
unique the role of water is for life in the universe at latge. forms of ice. At the temperatures where icy grain mantles form

Solvation behavior depends upon the strength of the interac-(lo_20 K), the dominant morphology is high-density amor-
tions between solvent/matrix molecules and solute species 'nphous ice, with other impurity molecules trapped in the ice

various possible forms and the degree to which the cost of oo :
matrix?? Many of these molecules are small neutral organic

changing form is offset by more favorable interactions. Charge- species. While it has been known for many vears that aas-phase

transfer (CT) pairs, the subject of the present work, interact more cEemist.r in the ISM is dominated yg/ iemnolgculep

energetically with water than their neutral parent species, but if . y3726. - Dy 5
reactiong3-26 it is only recently that experimental stuciés

the transfer is to happen, the gain due to stronger intermolecular N
interactions must exceed the cost of rearranging chemical of photoprocessed astrophysical ice analogues have demon-

bonds to form the new species. From a thermodynamic perspec-Strated the possibility of ion-rich ices. We have reported

tive, the disruption of pure water structure by solvesolute theoretical studies of ion generation in ices via photoionization

. . . . 8,29 i H
interactions increases entropy and consequentially lowers the€!Sewheré®?® The focus of the present work is the facile
formation of charge-transfer complexes from neutral precursors
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As a result of experimental studigs3*OCN-—NH," charge- ices, we have focused entirely on water ice, which is most
transfer complexes arising from HNCO and Nhave been relevant to the ISM. Likewise, where Raunier and co-workers
proposed as the carrier for the so-called XCN feature at 2165 emphasized surface reactions, our theoretical studies have
cm! (4.62 um) that is observed in IR spectra of various focused on fully embedded CT complexes. Also, we have
interstellar object8%32-36 Theoretical treatments by Raunier et  investigated another possible parent molecule, HOCN, and have
al373% and preliminary work we reported recerfflyconfirm characterized cases where the counteriong®*Hrather than
that this is a very plausible candidate for the XCN carrier, NH4" in order to understand how much variation is possible in
although related OCNCT complexes may also be possible the spectroscopic properties of OCNX™ CT complexes.

candidates. The hypothesis that OCN ice is responsible for Our preliminary stud§? highlighted the largest cluster
the XCN feature was advanced more than 15 years'dough calculations and part of the variation issue mentioned above.
other RCN or RNC species have also been explétédany The present work more fully details calculations on various

experimental efforf§-414351 have reproduced the XCN feature structures with increasing water coordination, explores various
from starting materials such as €®H3z, which supported the  solvation models, and also addresses the comparison between
OCN- conjecture. Also, measured isotope shifts for O, C, and OCN-—NH" and OCN —H3O" CT complexes. We character-

N are consistent with the behavior of the OClsymmetric ized the various possible CT complexes arising from HNCO
stretching mode. However, confirmation of the OChypoth- and HOCN paired with either NHor H,O using quantum
esis was hindered by two issues: how could OGbim in ice calculations at the density functional theory (DFT) B3LYP level

at cryogenic temperatures, and why is a small but real deuteriumand investigated three different solvation models to account for
isotope shift>46:50(—8 cmi 1) observed in experimental studies? the ice matrix. While HNCO is the best candidate for the parent
Recognitiof® that CT complexes account for the formation of of OCN~ based on its known presence in the ISVE% isomeric
OCN- resolved the first issue, with theoretical wétklemon- cyanic acid HOCN is another plausible parent molecule and,
strating that this is a barrierless process if parents such as HNCON fact, yields a CT complex with very similar spectroscopic
and NH; are situated adjacent to one another and embeddedproperties. Likewise, we sought to determine - as a weaker
within an ice matrix. Also, the calculations reproduced the base than Nk could also induce the formation of CT complexes
measured D shift, which was found to arise from small changes at cryogenic temperatures.
in the intermolecular interactions between OCahd its various Three solvent models of varying complexity were explored.
near neighbors. The theoretical work thoroughly confirmed the The simplest model investigated was the continuum solvent field
experimental observations while providing additional insight. method, which accounts approximately for bulk solvent effects.
Raunier and co-workers have recently reported several It performed reasonably well, but the neglect of explicit short-
interrelated studies on OCNoehavior in ice€7-39 In the initial range interactions with solvent molecules introduces critical
paper, they characterized the formation of the XCN feature when limitations and inaccuracy. Most of the present work employed
HNCO was either co-deposited with Nith a 1:10 ratio at cryo- ~ Pure DFT cluster calculations, where the approximate field was
genic temperatures or deposited on the surface of pure ammonid€Placed with explicit water molecules to create a realistic short-
ice3 The OCN-—NH,* complex was found to form spontane- fange enwronmgnt. By examining trends as the number of vyater
ously during co-deposition at 10 K. When HNCO was adsorbed Molecules was increased from two to twelve, we ascertained
on the surface of an amorphous Mtin film, the feature was ~ the degree of coordination that successfully reproduces the
not observed until the temperature was increased to 90 K, andf€Ported spectroscopic measurements, including isotope shifts.
the intensity was weaker than that in the co-deposition case.Finally, a DFT/PM3 ONIOM calculation was used in one
These experiments were supplemented with quantum chemicafStance to attempt to address an issue not resolved by pure
calculations of HNCG-(NH3), clusters, in which it was found

DFT calculations: expanding to a cluster with 27 water
that spontaneous proton transfer from HNCO togNetuires molecules incorporated bulk structural features not present in
at least three near-neighbor ammonia molecules. In the secon@maller clusters.
paper, they reported that OCNgain formed when HNCO was .
co-deposited with water or adsorbed on aDHce surface once 2+ Computational Methodology

the temperature was increased to 11&Klo NH; was present, All calculations were performed with the GAUSSIAN 98
suggesting that OCNCT complexes could form with different it of electronic structure programs. Hessian calculations,
countercations. However, van Broeckhuizen, Keane, and Sehutte jncluding isotopic substitutions, were performed for optimized
did not observe the formation of the 4.fith feature whenthey  stryctures to determine the frequency associated with the XCN
performed a similar experiment, in which a 14:334HNCO feature, the asymmetric OCN stretching mode, as well as the
ice was only thermally processed, though the feature was frequencies of the weaker OCN symmetric stretching and
observed when the ice was photoprocessed as well. As in theirhending modes. For isotopic substitution cluster calculations,
first study, Raunier and co-workers performed calculations in gj| of the atoms of each element (C, N, O, and H) were
order to understand Why their experimental results did not show Comp|ete|y rep]aced with their respective isotopes in order to
any evidence of OCN without heating. They estimated the compare with the experimental data of Bernstein etéal.
activation energy for proton transfer from isocyanic acid to water Calculated frequencies were scaled by 0.9692. While this scaling
on an ice surface to be 10.0 kcal/mol. In the latest paper, they factor is similar to values in widespread use, it was specifically
summarized and compared the reactivity of HNCO with derived from comparisons between computed and experimental
ammonia in three different experiments: trapped in an argon values for the OCN asymmetric stretching frequencies of
matrix, co-deposited with Nkl and adsorbed on surfaces of HNCO, HOCN, and OCN, for which data were taken from
NH3 ice. Quantum chemical calculations were once again the NIST Chemistry WebBook databaSe.
performed to gain insight into their various results in co-  As mentioned in the Introduction, three different solva-
deposition and adsorption experimefits. tion models of varying complexity were investigated for treat-
Our studies differ from those of Raunier and co-workers in ing the formation and spectroscopic properties of CT com-
several ways. While they explored both water and ammonia plexes: (i) At the simplest level, the bulk ice environment was
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approximated with self-consistent reaction field calculations
performed using the polarized continuum m&8éPCM), with
SOLVENT=WATER, or the isodensity-surface polarized con-
tinuum mod€el® (IPCM), with a dielectric constant of 78.5. The
behavior of HNCO and HOCN paired with either Ber H,O

and no additional water was examined with either optimizations
or potential-energy scans. (ii) The majority of the present work
consisted of pure DFT cluster calculations at the B3LYP
leveFt.87 using 6-3H-G** basis set$869 with explicit water
molecules replacing the approximate solvent field. DFT has
established itself as a reliable methodology that is very
appropriate for the study of charge-transfer behavior and
vibrational-mode calculations as exemplified by various recent
studies®’~%2 In particular, Ding and Laason#recently reported

a study of the deprotonation of sulfuric acid using DFT cluster

calculations that parallels the present work in many respects.

They found that DFT compared quite adequately with MP2 and
experimental behavior. We will describe the results of several
MP?2 calculations for small clusters to demonstrate that DFT is
quite suitable for addressing this work. Complexes of HNCO
and HOCN paired with Nkland solvated with two to twelve

explicit water molecules were built by adding water molecules
one by one around the optimized structures of HNCO (or
HOCN) and NH in the gas phase. Multiple minima were

identified for cases when two to six water molecules were
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Figure 1. Potential-energy surfaces for'Hnigrating between HNCO
and NH. (a) Gas phase. (b) Embedded within an IPCM continuum
solvation field.

present: the structures presented in section 4 were selected to . . . .

be representative, not exhaustive. Optimized structures andformation of CT complexes and their spectroscopic properties.

calculated spectroscopic properties of OGNNH;+ CT com- However, IPCM calculations can be used to contrast gas-phase
plexes were compared to determine the most realistic solvationand solvated behavior qualitatively. Potential-energy surfaces

environment. As reported in our preliminary paped2H,0O
OCN —NH4" CT complexes with full coordination around
OCN-~ and NH," were found to yield excellent agreement with
the available experimental spectroscopic data. By replacing NH
with H,O in the largest complexes, we were able to study the
tendency of the two acids to dissociate into OCahd HO™

in a pure aqueous environment. Finally, LBHOCN~ anion

were generated by moving the H from the acid across to the N
or O of NHs or H,O, respectively. Figure 1 depicts a representa-
tive case: the conversion of HNCONH; to OCN-—NH4". A

grid of points was generated by fixing the intermoleculag
distance at incremental values between 2.5 and 3.1 A and then
stepping te H a fraction of the distance between the two N
atoms such that NH bond lengths of 1.0 A were present at

complexes were also optimized to represent the situation wherethe beginning and conclusion of the transit. The H and two N

OCN~ is well isolated by solvent from any counterions.

atoms were kept collinear. At each grid point, the remaining

Comparing the optimized structures and calculated frequenciesinternal coordinates were optimized at the MP2/6-&t* level.

for the extended family of OCNcomplexes revealed the range
of variation that is possible in the XCN spectroscopic feature.
(i) An ONIOM calculation was performed to study the
dissociation of HNCO in water. A two-level model was used,
with the “high” model consisting of HNCO and nine water
molecules treated at the B3LYP/6-8G** level. This was
coupled with a “low” model of HNCO with 27 water molecules
treated at the PM3 level. In this version of ONIOM, the coupling

This was followed by a single-point IPCM-MP2/6-8G**
calculation. The gas-phase surface, Figure 1a, exhibits the single
expected minimum for the weakly bound complex between
HNCO and NH. By contrast, the IPCM surface, Figure 1b,
exhibits two minima, one for the neutral molecules and a second,
more stable minimum for the OCN-NH4t CT complex. A
shallow transition state separates the minima. Similar studies
were performed for HOCNNH3; and both HNCG-H,0 and

mostly serves to provide geometric constraints on the hydrogenHOCN—H0, and analogous behavior was observed. While the
bonding network. Unfortunately, the high model does not results are only of qualitative value, it does illustrate how much
experience the electronic polarization arising from the additional the solvent field stabilizes the ion pair relative to gas-phase

water molecules present in the low model.

3. OCN~ Complex Formation Modeled with IPCM and
PCM Calculations

The simplest computational approach for modeling the
formation of CT pairs employed in the current study involved
embedding the interacting molecules in a continuum dielectric
field with no explicit solvent molecules present. The formation
of OCN~—NH,* and OCN —H3O* complexes was investigated
by subjecting pairings of HNCO or HOCN with NHor H,O
to both IPCM and PCM solvent fields. The results illustrate
both the merits and limitations of the continuum solvation
approach.

Due to the restriction to single-point energy calculations, the
IPCM method is of limited usefulness in the study of the

behavior.

PCM calculations are of greater utility for examining
spectroscopic behavior of ice-bound molecules and CT com-
plexes due to the availability of optimizations and numerical
second derivatives. Figure 2 depicts optimized PCM-B3LYP/
6-31+G** structures for the various stationary points that were
identified. While there is a minimum for neutral HNCOIH3,
the transition state is only about 0.1 kcal/mol above the
minimum. There is no neutral minimum for HOGNNHs. Thus,
PCM calculations indicate that both acids readily deprotonate
to OCN- in the presence of a strong base such as. IMdwever,
when NH; is replaced with HO, PCM calculations predict that
the acids remain intact and are not deprotonated, a finding that
is contradicted by cluster calculations that will be discussed in
section 4.
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Figure 2. Optimized PCM structures for interactions of HNCO and
HOCN with either NH or H;O.

TABLE 1: Scaled PCM-B3LYP/6-31+G** Frequencies and
Isotopic Shifts for the OCN~ Asymmetric Stretching Mode

frequency or shift (cmt)
property from HNCO from HOCN OCN
V3 2166 2167 2141
Avz (*C — 1%C) —54 —57 —57
Avz (N — 15N) —16 -19 —-18
Avs (150 — 180) —6 -5 -7
Avs (*H — 2H) +12 +14

Scaled frequencies and isotope shifts for the OENH4"
CT structures arising from HNCO and HOCN as well as for
isolated OCN are given in Table 1. The values of are
essentially the same if Nfi is present at either end of OCN

Park and Woon

in the wrong direction. The cluster calculations described below
indicate that the D shift is delocalized and requires explicit
treatment of solvent interactions representing the local coordina-
tion environment, a factor for which the PCM polarization field
cannot account. While there are problems, the PCM method
can be useful for modeling some aspects of CT behavior.

4. OCN- Complex Formation Modeled with Explicit
Water: DFT Calculations

4.1. OCN"—NH4* CT Complexes in Water Clusters.In
this section we will discuss OCN-NH4" CT complexes, which
were generated by optimizing complexes of Nwith either
HNCO or HOCN in the presence of various numbers of explicit
water molecules via DFT calculation. Clusters with up to twelve
H,O molecules were characterized, with the aim of saturating
the coordination sites around OCNNH4". The HO to NHs
ratio of our largest cluster size corresponds roughly to the water-
rich 10:1 ratio reported in a recent analysis of the composition
of the polar-phase ices of protostellar objects such as W33A
and NGC 7538 IRS &

Figure 3 depicts optimized B3LYP/6-31G** structures of
OCN~—NH4" CT complexes arising from HNCO and Niith
two, three, four, six, eight, and twelve water molecules. The
complexes fall into two groups, contact ion pair (CIP) and
solvent-separated pair (SSP) structures, depending on whether
there is direct contact between OCNNd NH,;*. The figure
only shows complexes formed from HNCO and §Hthe
analogous HOCN complexes are quite similar, aside from

and are in very good agreement with the experimental value of reversing the orientation of OCNrom the HNCO case. MP2

2165 cnrl. Without NH™, v3 is shifted by about-25 cnr?,

calculations were also performed for HNCO in small complexes

The C, N, and O isotope shifts are all reasonably close to the having two to four water molecules. Both methods exhibited

values reported by Bernstein et #hut the deuterium shift is

(a) CIP
A

(b) SSP -‘=N ’ S, R ™
&y K

3H20

the same behavior in charge transfer as a function of the amount

Figure 3. Optimized pure DFT structures for OCNNH,4* from HNCO—NH; complexes solvated with various numbers of explicit water molecules.
Similar structures were obtained from HOENHSs;, with OCN- reversed. The numbers of water molecules are shown under the structures in the
figure. (a) Contact ion pair (CIP) complexes. (b) Solvent-separated pair (SSP) complexes.
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TABLE 2: Scaled Frequencies and Isotopic Shifts of OCN Complexes

isotope shifts of’3

parents structure type  N°  v30of OCN™ intensity ofvs 180 15N 13C D v,0f OCN™  »; 0f OCN™
HNCO—NH; CIP 12 2181 2.5 10716 -9 -16 —59 -7 618 1260
8 2178 2.30x 10716 -9 -15 —60 —19 627 1269
6 2171 2.23x 10716 —-11 -15 —60 —6 628 1275
4 2167 2.17x 10716 —10 —15 —59 4 618 1270
2 2207 1.26x 10716 —-13 —-12 —58 —-15 636 1310
SSP 6 2182 1.8& 10716 -8 —-17 —59 -19 624 1254
3 2166 3.97x 10716 -9 -16 —59 —44 629 1303
HOCN—NH; CIP 12 2202 2.00< 10716 —6 -19 —58 —-13 610 1219
8 2218 1.58x 10716 -7 —23 —60 4 587 1209
6 2215 1.29x 10716 -5 21 —58 —24 586 1189
4 2202 1.26x 10716 ) —20 —57 42 606 1195
2 2211 1.19< 1076 -4 —22 —54 18 571 1149
SSP 6 2199 1.4% 10716 -6 -19 —58 —15 588 1244
3 2189 1.05x< 1076 -5 -19 —57 19 586 1206
HNCO—H,0 SSP 12 2187 2.58 10716 -9 -16 —60 —10 613 1267
HOCN—-HO SSP 12 2206 2.0% 10716 —6 —19 —58 -9 597 1221
OCN~ ION¢ 15 2194 2.28x 10716 -5 -17 —57 —6 610 1227
OCN~ ION¢® 15 2184 2.16x 10716 -8 —18 —60 —15 617 1253
experimental data 2165 1.3x 10716 -9 -19 58 -8 630 1296

aCIP: contact ion pair. SSP: solvent-separate pair. ION: isolated®idomber of waters added as solventwo OCN™ anion complexes with
nearly identical water structures were optimized. See feX€N band origin from Lacy et af? intensity ofvs from van Broekhuizen et at?,
isotope shifts ofr; from Bernstein et al*¢ andv; andv, of OCN~ from Schutte and Greenbet?).

of water present. Likewise, the structural parameters and behavior of the OCN asymmetric stretch. In section 4.3, we
frequencies are very similar. For example, hydrogen bond have also considered the limiting case, where OCN
lengths in the DFT and MP2 48 clusters differ by no more  essentially isolated.
than 0.02 A, and the weak bond angles vary by less tan 2 Considering the detailed structures, we find the CN and CO
There are also only slight differences@.01 A) in the chemical bond lengths of OCN showed consistent trends in all com-
bond lengths of OCN and the other molecular moieties. On  plexes. The value afcy tended to remain constant, at 1.20 A
the basis of these comparisons, it is evident that DFT is for HNCO and 1.18 A for HOCN, whileco shifted slightly as
performing as well as MP2 in describing the structures. the number of water molecules was increased from two to

Very little water is needed to stabilize the CT products for twelve;rco changed by about 0.03 A in both cases, increasing
the reactions of either HNCO or HOCN with NHNhile proton from 1.19 to 1.22 A for HNCO and decreasing from 1.27 to
transfer in the 2H0 complex of HNCO is not spontaneous and 1.24 A for HOCN. The hydrogen bond between NHand
there is a minimum for the neutral species, the energy barrier OCN~ in the CIP structures lengthened considerably as water
is very small’t For complexes with three or more waters, proton was added, increasing from around 1.5 A in theQidomplexes
transfer is spontaneous, and there is no minimum for the to more than 1.9 A in the 12)® complexes. The range of other
neutrals. In the HOCN case, deprotonation is more favorable, hydrogen bonds with water molecules varies from 1.80 to 2.10
with spontaneous proton transfer occurring with just two waters. A. The charge separation within the OCNnolecule also
The tendency for HOCN to be deprotonated more readily than increased with cluster size. In the 1ZH HNCO case, the
HNCO is also observed in the pure-water case discussed belowMulliken charges are-0.79 for O, 0.87 for C, and-1.02 for

All CIP structures have a direct hydrogen bond between N, an approximately quadrupolar charge distribution. In the
OCN™ and NH;*. The first several waters cluster around NH corresponding HOCN structure, the charges-a6e84 for O,
completing its first coordination shell while bridging across to 0.80 for C, and—0.89 for N, indicating that N" polarizes
OCN™. The two additional waters in the 68 structures serve ~ OCN™ to a slightly different extent when it is coordinated to O
to remove strain from two tight loops in the 4Bl complexes. rather than N.
In the two largest cluster sizes, water coordination fills out  Scaled frequency results, including the isotope shiftszpf
around the other initially exposed end of OCNCompleting are listed in Table 2. For the cases where charge transfer
the coordination around OCNrequired us to construct the  occurred spontaneoushy; is in the range of 21642182 cn1?!
cuboid cage of seven interlocked waters that is present in thein HNCO complexes and 2182219 cnt! in HOCN com-
12H,0 structures. While somewhat artificial compared to what plexes. As the cluster size increases and coordination is
is likely found in an amorphous ice matrix, these are the smallest completed in the CIP structures, the valuesvgffor HNCO
structures identified in this work with full coordination around and HOCN exhibit a tendency to converge, until the difference
both ions. is reduced to 21 cmt in the 12H0 structures. However, the

In the process of searching for CIP structures, SSP structurespredictions for HNCO are always closer to the experimental
with 3H,O and 6HO were found. After the proton transferred value, differing at most by just 16 cmhfor the 4H0 through
during the initial optimization steps, the NH and HO 12H,0 cases, while the differences for HOCN never fall below
molecules continued to rearrange to produce the SSP structure37 cnt. While there appears to be a slight but real difference
Water molecules moved between the cation and anion, separatin the XCN frequency depending on whether NHs coordi-
ing them with bridging hydrogen bonds. This development was nated to the O or N end of OCN confirmation may require
of pragmatic value, given that SSP structures evolve in real additional experimental studies. Further investigation of this
systems and are also of interest in characterizing the range ofissue will follow in the sections on OCN-H;O" complexes
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and isolated OCN cluster calculations; it will be analyzed in
section 4.4.

The isotope shifts of’; were compared against the experi-
mental data reported by Bernstein et‘@ln the experiment,
isotopic substitution of C produced a large shift of 58ém
which is consistent with its role as the central atom of the
asymmetric oscillation (and C being lighter than N and O). Our
calculated results agree very well with the experimental value
of the 13C shift. The computed results for HNCO of 580
cm™? for all of the clusters are in excellent agreement, while
there is a slightly greater variation observed across the HOCN
complexes, 5460 cntl. All values of the!®N shift for CIP
cluster cases involving HNCO are smaller than the experimental
value of 19 cmil, but they increase with cluster size. HOCN
exhibits the opposite trend: all values overestimate the shift,
but the error generally decreases with cluster size. Fot®the
isotope shifts, the behavior is reversed.

In contrast to the shifts fot3C, 1N, and 180, calculated
deuterium shifts exhibited much larger fluctuations, including
sign changes. While the experimental value-& cmt is a
very small D shift, it is considered to be réélFor the HNCO
complexes, the results are consistently in the correct direction
for the most part, though the magnitude was as large as 44 cm
For HOCN, half of the complexes showed positive deuterium
shifts, and the deviations from the experimental value were also
as large as 42 cm. No consistent trends are discernible in the
D shifts as a function of cluster size or other factors. The,2H

complexes produced the best agreement with the laboratory data.

as reported in our preliminary pap®r.In that study, we
concluded on the basis of the absence of cluster-dependent tren
and by performing partial substitutions in the largest clusters
that the D shift is a delocalized effect. The large variations and
the delocalization of the deuterium shift correspond well with
the experimental study of Novozamsky efalvho observed
matrix-dependent D shifts.

Intensities forvs are also shown in Table 2. Accurate
intensities are critical for estimating the concentrations of
molecular species in the ISM. The range of calculated intensities
agrees to an order of magnitude with the value of the latest
laboratory measurement by van Broekhuizen, Keane, and
Schutte?? while agreement with values from previous experi-
ments$P is less satisfactory.

Finally, computed values for two additional weak bands of
OCN™ are also given in Table 2: the symmetric stretching (
and bending ;) modes. While they were corrected with a
scaling factor specifically tuned for predictimg, the agreement
with the experimental data is generally satisfactory. The results
for HNCO complexes are in better agreement with the experi-
ment than those of HOCN complexes.

4.2. OCN—H3zO" CT Complexes: Can XCN Form
without NH 3? It is well-known that strong acids are readily
deprotonated in water. WithKg values of about 3.5, HNCO
and HOCN are both moderately strong organic acids. It is
therefore of interest to investigate if OCNH3O" CT com-
plexes can form as readily as OCNNH,4*. For this study, we
built pure water complexes of both acids by replacingsMlith
H,O in the initial structures of the 12 OCN —NH4"
complexes described previously. During optimization, proton
transfer from both HNCO and HOCN to 8 occurred

d
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Figure 4. Optimized pure DFT structure for OCN-H;O" from
HOCN—-H,0 solvated with 12 water molecules. A similar structure
was obtained from HNCOH,0, with OCN" reversed.

for OCN"—NH4" CT complexes, where the entire NHion
moves physically, here, a proton can readily hop from water to
water. As in the NH calculations described above, a similar
structure was found for the HNCO case. However, the first
proton transfer required significantly more optimization steps
in the HNCO case (342 vs 4). Also, spontaneous transfer
occurred in a HOCNH,0 complex having only five additional
H>O molecules around them, while HNCO needs at least nine
H>0 molecules for spontaneous deprotonation. As described in
section 4.1, HOCN behaves as a stronger acid than HNCO. To
date, no experimental ice studies have been performed with
HOCN, but it appears that the XCN feature should develop at
even colder temperatures in that case than it does for HNCO.

Frequency data for the 128 OCN—H3;O* complexes are
included in Table 2. The values of, v,, andvs are similar to
tShose of the 126D CIP complexes with Nkt present. The’z
values of 2187 and 2206 crh for HNCO and HOCN,
respectively, are only-56 cn ! larger than the corresponding
results for their N™ analogues, and again, they differ by about
20 cnTl. The isotope shifts for C, N, and O exhibit almost the
same values and trends as the 1Qldomplexes. The deuterium
shifts, —10 and—9 cm* for HNCO and HOCN, respectively,
are slightly different than the values for the IZHOCN —
NH,* complexes, in keeping with the matrix dependence of D
shifts described above and observed experimentaiiurther
discussion of the similarities and differences g and the
isotope shifts and their dependence on the coordination and
location of the cation can be found in section 4.4.

4.3. OCN~ with No Counterion. Previous sections examined
the CIP and SSP structures of OCNNH,t and the SSP
structures of OCN—H3O". As a final case, we considered
OCN-" in isolation, with no counterion present. An anion
complex was built by replacing the NHin the 12H0 complex
derived from HNCO with HO and then by adding two more
water molecules to provide a roughly equivalent environment
for both ends of the OCN A second structure was also
optimized in which the OCNwas reversed. While very similar,
the environments for the anion in the two forms are not quite
the same. In particular, the orientation of the water molecule
bridging the two cuboid units is reversed with respect to the
OCN-. A comparison of these two anion complexes allows us
to observe the influence of subtly different electrostatic fields.

The optimized structure of the first anion complex described
above is shown in Figure 5. Its detailed structure is very similar
to the 12HO NH4 and HO* complexes in bond lengths and
charge separation. Also, the hydrogen bond lengths between

spontaneously in these pure water complexes. A CIP structureOCN~ and the six coordinated waters fall in the range of-1.8

formed at the beginning of the optimizations, but a second
proton transfer occurred subsequently frogH to a neighbor-
ing H2O. The optimized complex arising from HOCN shown

2.1 A. The structure of the second, reversed case is nearly
identical.
The frequencies ang isotope shifts for both of the 15

in Figure 4 is thus an SSP structure. Unlike the SSP structuresOCN~ anion complexes are included in Table 2. The values of
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Figure 5. Optimized pure DFT structure for OCNvith no counterion
and solvated with 15 water molecules. A second structure was also
optimized with OCN in the opposite orientation.

the asymmetric stretch are 2194 and 2184 §mwhich fall in
the middle of those for the various HNCO and HOCN
complexes. The difference of 10 cbetween the two values
is evidently due to the orientation of the bridging water, with a
small contribution from the caps.

The 13C substitution effects are again consistent with other
complexes. Isotope shifts f6fO and®N follow the trends of
HOCN and HNCO complexes, respectively, which were de-
scribed in section 4.1. As in the large cluster calculations with
a counterion present, one of the deuterium shifté cn?)
for isolated OCN again agrees well with the measured value,
while the other £15 cnt?) is off by a factor of about 2.

4.4, Modeling OCN~ Behavior in Ice: Cluster versus
Counterion Effects. The previous three sections describe the
structures and spectroscopic properties of various OCN
complexes. By exploring a range of cluster sizes for the;NH
case, we identified a configuration that provides full coordination

around the ions. This was then employed to study the behavior

of an alternate counterion (@) as well as the case with no
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Figure 6. Behavior of the OCN asymmetric stretching frequency,

vs. (@) Trends invs as a function of cluster size and the ion types.
Solid symbols are contact ion pairs; open symbols are solvent-separated
pairs. Cases: OCN-NH,* from HNCO-NH; (O, @) and from
HOCN-NH; (O, ®); OCN —H3O" from HNCO-H,0 (a) and from
HOCN/HO (v); OCN~ with no counterion (*). (b) Force on the C
atom in OCN parallel to the molecular axis due to the other moieties
in the various complexes listed in Table 2, estimated by replacing atoms

counterion. Together, there are six large cluster cases with awith computed mulliken charges. Open symbols correspond to the six

realistic coordination for a fully embedded OCNon and
differing counterion environments. In this section, we analyze

commonalities and differences in these cases in order to evaluate

how useful the cluster model is for evaluating subtle differences
in behavior.

The agreement with experimental data for the vibrational
properties of OCN in these large cluster cases is quite good.
The value of thevz band origin of 2181 cmt for the 12H0
NH4" complex derived from HNCO and NHs the best of the
six fully coordinated complexes. In addition, the compui&a]
15N, 13C, and D isotope shifts afs for this complex are mostly
within 1—3 cn! of their respective experimental values. As
discussed in section 4.1, the D shift is very sensitive to the
degree of coordination. While large fluctuations were shown
in smaller complexes with less coordination, the variation in
its value only ranges from-6 to —15 cnt? in the six large
cluster cases with full coordination, indicating that coordination
is very important for this property.

The majority of the computed values fog are plotted
together in Figure 6a as a function of the total number of
moieties in each complex. Observing the general trents,in
we find that the results clearly exhibit a dependence upon
whether the parent molecule is HNCO or HOCN, as mentioned
in section 4.1. Predictions for HOCN complexes are always
higher than those for HNCO (by at least 21 ¢ This is true
for both CIP and SSP structures, including the case wherg NH
is replaced with HO™. Once proton transfer has occurred from
HNCO or HOCN to form OCN, the only major distinction
that remains is the location of the counterion. Although the

fully coordinated structures described in the text.

TABLE 3: Estimated Axial Force Exerted on C in OCN~™

parents structure type NP Fai Feation
HNCO—NH3 CIP 12 0.0321 0.0434
8 0.0414 0.0404
6 0.0537 0.0405
4 0.0854 0.0401
SSP 6 0.0162 0.0198
3 0.0253 0.0131
HOCN—NH3 CIP 12 —0.0207 —0.0371
8 —0.0294 —0.0303
6 —0.0366 —0.0271
4 —0.0263 —0.0304
SSP 6 —0.0131 —0.0145
3 —0.0143 —0.0024
HNCO—H0 SSP 12 0.0335 0.0297
HOCN-H,0O SSP 12 —-0.0232 —0.0283
OCN- ION¢ 15 0.0157
OCN~ ION¢® 15 —0.0094

a3 CIP: contact ion pair. SSP: solvent-separate pair. ION: isolated
ion. ® Number of waters added as solvehTwo OCN-~ anion com-
plexes with nearly identical water structures were optimized.

However, the electrostatic field due to the water also makes a
contribution, as indicated by the 10 cidifference inv;
between the two anion structures, where no counterion was
present. In general, while the counterion appears to decrgase
slightly if it is closer to the N end of OCN it appears to
increasevs by a small amount if it is closer to the O end.

maximum difference observed among the six large cluster values Figure 6b adds weight to this argument. As an asymmetric

of vzis just 25 cnTl, counterion location evidently has an impact
on the value of the OCNasymmetric stretching frequency.

oscillator, thevs mode is dominated by the motion of the central
C atom. The electrostatic force acting on C can be estimated
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Figure 7. Optimized ONIOM structure and corresponding stereogram for deprotonation of HNCO. The model consisted of a high-level system
composed of HNCO and nine waters treated with B3LYP/6-G%* (numbered and shaded) coupled to a low-level system composed of HNCO
and 27 waters treated with PM3.

by replacing the explicit atoms in each cluster with their mental in origin (arising from inhomogeneity during deposition,

respective computed Mulliken charges. The figure depicts the for example), there are theoretical issues to consider, as well.
dependence of; on the component of the approximate net force To investigate if our observation of spontaneous deprotonation
acting parallel to the OCNaxis (as listed in Table 3). The s gue to the limited cluster size and the somewhat strained
trend in Flgurg 6b is fairly well-deflned: the shift ins is hydrogen bonding interactions, we built a larger cluster model
roughly proportional to the applied electrostatic force. The forces using ONIOM methodology. This extended model coupled a

experienced by the O and N would be expected to exert an . .
impact onvs, as well. Table 3 also shows the axial force high-level model composed of HNCO and nine water molecules

contributions due to the cation alone. It is quite evident that treated atthe B3LYP/6-31G** level with a low-level model
the net force may also include a significant contribution from consisting of HNCO and 27 water molecules treated with PM3.

the water molecules (Confirmed by the 10 dnvariation in The high-|EVE| model System is an embedded subset of the low-
the two anion cases described previously). All other things being level structure (see Figure 7). The ONIOM calculation behaved
equal, a nearby cation will likely influence the positioniaf in the same manner as the pure DFT optimization described
above: spontaneous deprotonation of HNCO was still observed,
5. OCN~ Complex Formation Modeled with Explicit followed by a second proton transfer. The low-temperature
Water: ONIOM Treatment of HNCO Deprotonation in threshold (110 K) for OCN formation observed by Raunier et
Pure Water al38 is indicative of a flat potential surface that possesses at

The prediction of spontaneous proton transfer from HNCO most a very small reaction barrier. There may be sufficient
in pure water ice conflicts with the experimental observaiéh ~ methodological error present at the B3LYP/6+33** level to
that no OCN peak appeared when HNCO was either co- eliminate a barrier that might exist at a higher level of theory
deposited with HO at 10 K or deposited on a water ice surface, Or With more complete basis sets. While the ONIOM calculation
though the feature developed once the sample was warmed tadid not completely resolve the issue at hand, hybrid methodolo-
110 K in both case® While the discrepancy may be experi- gies do provide a promising means of investigating extended
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solvation systems; the ability to treat a sufficiently large portion
of the model system via DFT is a critical component of this
strategy.

6. Conclusion

Starting with simple IPCM and PCM models and advancing
to extended DFT and ONIOM cluster calculations, we have
investigated the behavior and properties of OCbharge-
transfer complexes arising from HNCO or HOCN paired with
NH3 or H,O in condensed-phase ice media. While the work
confirms the experimental observation that HNCO ands N&h
account for the XCN feature at 2165 chit has demonstrated
that a very similar spectroscopic feature can be produced with
HOCN. Likewise, we have shown that either HNCO or HOCN
should yield OCN without NHs, with the HOCN case being

more favorable. These predictions are amenable to experimental

evaluation.

Despite yielding good values for the XCN feature, the PCM
continuum solvent field method did not reproduce the full range
of behavior exhibited by large cluster DFT calculations and did
not accurately represent the D shift. PCM calculations can at
least be used for initial explorations.

By including enough explicit water molecules to provide a
coordination shell around the CT complex, cluster calculations

were able to reproduce the characteristic vibrational frequencies

of OCN™ and four isotope shifts in the dominant asymmetric

stretching modeys. At the same time, the cluster approach

appears to be sufficiently accurate to distinguish small shifts in
v3 due to variations in the location of the counterion.

While it did not definitively resolve the conflict between
theoretical prediction and the experimental observations for the
deprotonation of HNCO in a pure water environment, the
ONIOM model provides a means for building more realistic
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