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ABSTRACT
We extend studies of micro-solvation of carbon monoxide by a combination of high-resolution IR spectroscopy and ab initio calculations.
Spectra of the (H2O)4–CO and (D2O)4–CO pentamers are observed in the C–O stretch fundamental region (≈2150 cm−1). The H2O con-
taining spectrum is broadened by predissociation, but that of D2O is sharp, enabling detailed analysis that gives a precise band origin and
rotational parameters. Ab initio calculations are employed to confirm the assignment to (water)4–CO and to determine the structure in which
the geometry of the (water)4 fragment is a cyclic ring very similar to the isolated water tetramer. The CO fragment is located “above” the
ring plane, with a partial hydrogen bond between the C atom and one of the “free” protons (deuterons) of the water tetramer. Together with
the previous results on D2O–CO, (D2O)2–CO, and (D2O)3–CO, this represents a probe of the four initial steps in the solvation of carbon
monoxide at a high resolution.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0038188., s

I. INTRODUCTION

The study of high resolution spectra of weakly bound molec-
ular clusters becomes increasingly challenging as the cluster size
increases, just as high-level quantum chemical calculations of clus-
ter structures and potential surfaces also become more difficult. In a
recent paper,1 we analyzed infrared spectra of the (D2O)2–CO and
(D2O)3–CO clusters, together with ab initio calculations that helped
confirm their most stable structures. Along with the known dimer,
D2O–CO, these clusters represented the first three steps in the sol-
vation of carbon monoxide in water. In the present paper, we extend
these spectroscopic and quantum chemical studies to the (D2O)4–
CO pentamer. Theory and experiment are complementary, since
the quantum calculations offer important help in the interpretation
of the experimental results, and the analyzed spectra can then help
verify and refine the calculations.

The very first solvation step for carbon monoxide is, of course,
the water–CO dimer, known to have a planar equilibrium structure
with almost co-linear heavy atoms (O, C, and O) and a hydrogen

bond between the water and the carbon atom. The interchange of
H (or D) atoms gives rise to two spectroscopically resolved tunnel-
ing states, which correspond to different nuclear spin species. For
the isotopomer with HDO, there is no tunneling, but instead, there
is a deuteron bound isomer HOD–CO and a proton bound isomer
DOH–CO. Detailed studies of H2O–CO, D2O–CO, HOD–CO, and
DOH–CO are available in the microwave,2 millimeter wave,3 and
infrared4–8 regions. High-level ab initio calculations are available for
the binary water–CO potential energy surface (PES),7,9–11 together
with many for water–water.12 However, in this and our previous
paper,1 we make new calculations directly for the larger water–CO
clusters themselves, rather than assuming additivity of two body
forces.

II. EXPERIMENTAL SPECTRA AND ANALYSIS
Spectra were recorded as described previously1,8,13–15 with a

pulsed supersonic slit jet expansion probed by a rapid-scan tunable
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infrared quantum cascade laser. The gas mixture contained about
0.02%–0.06% CO in helium carrier gas, with a backing pressure of
about 10 atm. H2O or D2O was added using a “bubbler” in the gas
line to the jet, and we estimate the resulting water concentration
to be about 0.01%, or perhaps a bit more. Although (water)n–CO,
n = 1,2,3 bands, could be observed using water and CO in a mixing
cylinder, the bubbler was essential for observing the present spec-
trum. Wavenumber calibration was achieved by recording signals
from a fixed etalon and a reference gas cell containing the room
temperature N2O gas. Spectral simulations were made using the
powerful PGOPHER software package.16

The infrared bands of (D2O)2–CO and (D2O)3–CO, which
we reported previously,1 are located at 2158.40 cm−1 and
2149.65 cm−1, respectively. For comparison, the D2O–CO band
center is 2154.54 cm−1 and that of the free CO monomer is
2143.271 cm−1. The corresponding (H2O)2–CO and (H2O)3–CO
cluster spectra were also observed, but they were broadened by pre-
dissociation in the upper state (shortened lifetimes), which made
precise rotational analysis impossible. The observed magnitude of
this broadening was roughly 0.009 cm−1 (FWHM), corresponding

FIG. 1. Observed and simulated spectra of the (H2O)4–CO and (D2O)4–CO clus-
ters in the region of the CO stretch vibration. The H2O spectrum is broadened
by predissociation, but the D2O spectrum is sharp, allowing detailed rotational
analysis. The simulated trace for (D2O)4–CO uses the parameters of Table I and
an effective rotational temperature of 2 K. The simulated trace for (H2O)4–CO uses
estimated parameters, scaled from those of (D2O)4–CO (see the text). For clarity
of presentation, there are small gaps in the observed traces where known lines of
CO monomer and CO dimer have been “clipped out.”

to a predissociation lifetime around 0.6 ns. The band origins for
the H2O clusters were 0.8 cm−1–0.9 cm−1 lower than those of the
corresponding D2O clusters. For the water–CO dimer, in contrast,
reasonably sharp (<0.0015 cm−1) spectra are observed for all species
(H2O–, HOD–, and D2O–CO) in the CO fundamental region, giving
lifetimes of at least 3 ns.

The new bands reported here are centered around 2144.1 cm−1

and were observed using experimental conditions similar to those
for the smaller clusters.1 However, there was one key change: as
mentioned above, the “bubbler” was added in the gas line to increase
the water vapor concentration and thus favor the formation of larger
water clusters. The spectra are shown in Figs. 1 and 2, where short
gaps correspond to known lines15 of CO and (CO)2, which are
clipped out for clarity. As was the case for the smaller clusters,1 we
observe a sharp spectrum using D2O and a broadened one using
H2O. Rotational analysis of the D2O spectrum was more challeng-
ing than for (D2O)3–CO and (D2O)2–CO, even though in some
ways, the band structure appeared simpler, particularly in the central
region (Fig. 2). For simplicity, a smaller cluster was suggested, but
various possibilities did not work out, including the known17 water–
(CO)2 trimer. Eventually, we realized that the pattern of the D2O-
containing spectrum was close to that of a symmetric top (helping us
to explain the simplicity) and that this near symmetric top had rota-
tional constants that were consistent with a larger cluster, namely,
(D2O)4–CO.

The parameters listed in Table I provide a remarkably accu-
rate representation of the D2O containing spectrum, as shown by
the simulations in the lower panel of Fig. 1 and especially in the
expanded view in Fig. 2. We assigned 105 observed lines from the
D2O spectrum in terms of 274 transitions and fitted them with an
rms error of about 0.000 41 cm−1. (There are many blended lines,
including unresolved asymmetry doublets.) The excellent interac-
tive tools of PGOPHER16 aided the assignment and simulation, and
we used the mergeblend option, fitting blended lines to an inten-
sity weighted average of their calculated components. In addition to
the rotational parameters in Table I, further structural information

FIG. 2. Central section of the (D2O)4–CO spectrum. The simulated spectrum here
and in Fig. 1 consists almost entirely of b-type transitions, except for the unresolved
a-type Q-branch at 2144.12 cm−1.

J. Chem. Phys. 154, 044310 (2021); doi: 10.1063/5.0038188 154, 044310-2

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

TABLE I. Experimental and theoretical spectroscopic parameters for (D2O)4–CO.a

Experiment Theory

Excited state Ground state Ground state

ν0 (cm−1) 2144.1234(1)
Δν0 (cm−1) +0.852
A (MHz) 1569.50(33) 1569.96(30) 1582.1
1/2(B + C) (MHz) 1347.54(33) 1347.07(28) 1359.1
(B – C) (MHz) 43.29(57) 45.21(51) 64.2
DJ (kHz) 1.3(21) 3.8(15)

aNumbers in parentheses are 1σ uncertainties in units of the last quoted digit. Δν0 is
the vibrational shift relative to the free CO molecule. Theoretical values are equilibrium
rotational constants augmented by vibrational corrections (see the text).

can be inferred from the relative strength of a-, b-, and c-type rota-
tional transitions, since this depends on the orientation of the CO
monomer within the cluster. We estimated these relative intensities
to be roughly 0.14:1.0: <0.01, respectively. In other words, the band
is mostly b-type, with a smaller but significant a-type component
(this accounts for the central Q-branch peak at 2144.124 cm−1), and
a negligible c-type component.

The spectrum obtained using H2O (upper panel of Fig. 1) was
significantly broadened, just as found for (H2O)2–CO and (H2O)3–
CO,1 so that detailed rotational analysis was not possible. The mag-
nitude of the broadening was roughly 0.012 cm−1 (FWHM), cor-
responding to a predissociation lifetime of about 0.5 ns. The H2O
species band origin is 2144.05 cm−1, which is only 0.07 cm−1 lower
than that of the D2O species.

We suspected that the species responsible for the new clus-
ter band was (D2O)4–CO based on the fitted rotational parame-
ters (Table I) and the fact that (D2O)2–CO and (D2O)3–CO were
previously observed1 under similar conditions. However, there are
many possible ways to arrange four water and one carbon monoxide
molecules. Moreover, our tentative assignment to (D2O)4–CO could
be wrong. Hence, we turned to theoretical structure calculations for
further guidance.

III. COMPUTATIONAL DETAILS
Following our previous studies on molecular clusters,18,19 the

potential energy surface (PES) of (D2O)4–CO was characterized at
the density functional theory (DFT) level of theory in conjunction
with the m-aug-cc-pVTZ-dH basis set20 (-dH means that polariza-
tion functions have been removed for the hydrogen atom). Disper-
sion effects21,22 were taken into account for all the DFT functionals
employed here by using the D3BJ corrections.23,24 Since there are
three most stable isomers for (D2O)4 (they are labeled CY4-1, CY4-
2, and P4),25 for each one of them, 150 different starting geome-
tries for (D2O)4–CO were generated by randomly adding the CO
molecule; to achieve a better sampling of the PES, an additional
set of 150 geometries were originated by randomly distributing in
space four D2O molecules and one of CO. Thus, a total of 600 initial
structures were created. Then, each one was fully optimized, includ-
ing all inter- and intra-molecular coordinates (at the B3LYP level
of theory),26,27 and subsequent hessian calculations were performed

TABLE II. CBS extrapolated binding energies (BE in kcal/mol) for the several (D2O)4
–CO isomers identified.a

Geometry BE

1 −29.81(−22.65)
2 −29.80(−22.89)
3 −29.80(−22.79)
4 −28.66(−21.68)
5 −28.55(−21.75)
6 −28.28(−21.59)

aValues in parentheses include the zero-point vibrational energy.

to select only the ones corresponding to true minima. These struc-
tures were then grouped according to their equilibrium rotational
constants (two structures were considered equal if all their equilib-
rium rotational constants differ by less than 0.05 GHz). The geome-
tries of the true minima were further refined by using the B2PLYP
functional.28

We thus identified six possible low-lying isomers for (D2O)4–
CO. Appropriate extrapolation methods to the complete basis set
(CBS) limit make it possible to account for both basis set incomplete-
ness (BSIE) and superposition (BSSE) errors when predicting differ-
ent molecular properties (see Refs. 29 and 30 and references therein).
For the accurate determination of the energetics of all the structures
investigated in the present work, we used the composite schemes
based on the three-point extrapolation at the CBS limit proposed
by Feller.31 The corresponding results for the binding energies are
reported in Table II. To further characterize the energetics related to
the formation of clusters between water molecules and CO, we com-
pared our results with those reported in the literature concerning
the complexes between water and CO2. By taking the CBS bind-
ing energy for the most stable structure and the ones we previously
obtained for (D2O)n–CO (n = 2 and 3) clusters,1 it is possible to
derive for each of them the energy required for the addition of CO
to the corresponding D2O dimer, trimer, and tetramer, according to

TABLE III. Calculated structure for (D2O)4–CO.a

Atom a b c

C 2.088 539 0 0.745 257 0 0.575 126 4
O 2.299 583 4 −0.363 698 2 0.649 823 9
O −0.908 620 8 1.908 415 3 −0.151 676 5
D −0.624 790 2 1.359 516 6 −0.912 416 8
D −0.140 685 6 2.441 327 4 0.072 153 0
D −1.338 817 4 0.679 568 2 1.039 603 7
O −1.477 954 8 −0.138 098 5 1.565 743 2
D −2.371 322 6 −0.083 760 2 1.913 124 7
O −0.066 009 9 0.060 485 6 −2.002 012 4
D −0.459 376 7 −0.076 691 1 −2.866 985 7
D −0.238 566 1 −0.759 298 6 −1.490 060 0
O −0.638 158 0 −1.979 012 7 −0.277 808 9
D 0.081 114 0 −2.495 008 1 0.094 789 0
D −0.986 840 6 −1.435 641 0 0.460 573 7

aThese are principal axis system Cartesian coordinates in units of Angstroms.
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the reaction, (D2O)n + CO → (D2O)n–CO, for n = 2, 3, and 4. This
reaction is exothermic, with values of −4.1 kcal/mol, −6.0 kcal/mol,
and −7.5 kcal/mol per D2O molecule for the structures containing
the water dimer, trimer, and tetramer, respectively; this trend is in
line with the one previously determined for the addition of CO2 to
water clusters.32 In a similar way, it is possible to derive also the
values for the addition of one D2O molecule to a (D2O)n–CO clus-
ter to yield the corresponding (D2O)n+1–CO structure, according to
the reaction (D2O)n–CO + D2O → (D2O)n+1–CO, for n = 2 and 3.
This reaction is also exothermic, with values of −9.8 kcal/mol and
−11.8 kcal/mol for the addition of one water molecule to the clusters
containing the water dimer and the trimer, respectively; again these

FIG. 3. Calculated equilibrium structure of (H2O)4–CO as given in Table III. The
upper panel shows a “side” view along the c-inertial axis of the cluster, with the
CO fragment located “above” the near-plane defined by the four water O atoms.
The lower panel shows a view from “above” along the cluster a-axis, with the CO
fragment in the foreground. In the true structure, the CO probably should be rotated
a bit in the ab plane so that it has a larger projection on the cluster a-axis (see the
text).

values are similar to those obtained when considering the similar
clusters between water and CO2.

The last column of Table I reports the computed rotational
parameters for geometry 2, the most stable calculated isomer of
(D2O)4–CO. Vibrational corrections to these equilibrium rotational
constants were calculated by second order vibrational perturba-
tion theory (VPT2) and employing the B2PLYP functional, given
its good results for the cubic part of the potential.33 The poten-
tial bias due to intermolecular motions was accounted for by using
a reduced-dimensionality scheme and an appropriate suite of pro-
grams.34 The agreement with experiment is quite satisfactory and
confirms the assignment to (D2O)4–CO. The corresponding basic
equilibrium cluster geometry (without vibrational corrections) is
given in Table III and illustrated in Fig. 3. Structures for the other
possible isomers in Table II are given in the supplementary material.
They not only had higher calculated energies but also had incom-
patible rotational constants. It is worthwhile to note that all the six
isomers we found have the water monomers with their oxygen atoms
lying almost in the same plane, very similar to the 2D cyclic struc-
tures reported in the literature (labeled CY4-1 and CY4-2). On aver-
age, all these six isomers have similar distances (in the range 2.73 Å
–2.75 Å) between the oxygen atoms of the water monomers. The
main difference among them is due to the position (also the angle)
of the CO molecule with respect to the plane formed by the four O
atoms and the way the proton sticks out from this plane.

IV. DISCUSSION AND CONCLUSION
The simulated spectrum for (D2O)4–CO in Figs. 1 and 2 is

based on the experimental parameters from Table I, with an effec-
tive rotational temperature of 2 K and an effective instrumen-
tal resolution of 0.0025 cm−1. To estimate a simulated spectrum
for (H2O)4–CO, we scaled the experimental (D2O)4–CO rotational
parameters by the ratios of the calculated parameters for (H2O)4–
CO and (D2O)4–CO (without vibrational corrections). After convo-
lution with a Lorentzian of width 0.012 cm−1, the result provides a
good qualitative match to the experiment (top panel of Fig. 1). There
is, however, a region of unexplained extra experimental absorption
around 2143.9 cm−1 to 2144.1 cm−1. We think that this is due to
a different species, most likely a larger cluster. Another broad unre-
solved feature, not shown here, appears in the H2O spectrum around
2145.4 cm−1 to 2145.5 cm−1.

The structure of the water tetramer fragment within our clus-
ter (Fig. 3) is only slightly distorted from that of the isolated water
tetramer itself, which has a highly symmetric (S4 point group)
hydrogen-bonded cyclic ring structure.35 It seems that the addition
of CO does not greatly affect the hydrogen bonds ruling the struc-
ture of the water tetramer, consistent with the results previously
obtained for both (D2O)2–CO and (D2O)3–CO. If anything, the
water tetramer may be even less affected by the presence of the CO
molecule, thanks to its stable symmetric ring structure. However,
we are not sure how to quantify this argument. In the present case,
we observe that each water molecule has one proton (or deuteron)
involved in a nearly linear hydrogen bond with its neighbor, while
the other proton sticks out from the plane formed by the four O
atoms. These out-of-plane protons alternate on one side or the other.
Isolated (D2O)4, which is a symmetric rotor, has a measured A
rotational constant of 3080 MHz,36 while the slightly distorted
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(D2O)4 fragment in our calculated equilibrium cluster is an oblate
near symmetric rotor with A = 3187 MHz and B = 3137 MHz. In
the isolated tetramer, the distance between neighboring O atoms is
2.74 Å, while in (water)4–CO, this length varies from 2.73 Å
to 2.75 Å.

The CO fragment in the calculated equilibrium cluster has its
center of mass located 3.08 Å “above” the near-plane defined by
the four water O atoms, but displaced “sideways” by 0.33 Å from
the near-symmetry axis, which is perpendicular to the plane. (This
is also close to the a-inertial axis of the cluster.) The CO orienta-
tion suggests a partial hydrogen bond between the C atom and one
of the deuterons that points out of the plane in this direction (this
C–D distance is 2.85 Å) and perhaps another weak H-bond between
the O atom (of the CO) and the other deuteron pointing out of the
plane in this direction (an O–D distance of 3.13 Å). The CO molec-
ular axis makes angles of 79.3○, 11.4○, and 86.2○ with the cluster
a-, b-, and c-axes, respectively, predicting a dominant b-type spec-
trum and a negligible c-type contribution, just as observed. How-
ever, the predicted a-type relative intensity (0.036) is significantly
smaller than observed (≈0.14), suggesting that the CO molecule in
the cluster should be rotated in the ab-plane so that the effective a-
and b-axis angles are more like 70○ and 20○, rather than 79○ and
11○. In other words, the true structure evidently has the CO point-
ing more toward the plane of the (D2O)4 fragment than shown in
Fig. 3.

The measured (D2O)4–CO band origin represents a vibrational
shift of +0.85 cm−1 relative to the free CO molecule. For comparison,
much larger shifts were observed1,4 for (D2O)3–CO (+6.38 cm−1),
(D2O)2–CO (+15.12 cm−1), and D2O–CO (+11.27 cm−1). We note
that these shifts are inversely correlated (very roughly!) with the
respective C–D hydrogen bond lengths, which are (D2O)4–CO
(2.85 Å), (D2O)3–CO (2.73 Å),1 (D2O)2–CO (2.30 Å),1 and D2O
–CO (2.36 Å).10 These quoted bond lengths are calculated equilib-
rium values, so they neglect large amplitude motion effects that may
be especially significant for (D2O)2–CO and D2O–CO. Nevertheless,
we suspect that the relatively small vibrational shift for (D2O)4–CO
is related to a weaker C–D hydrogen bond.

In summary, the weakly bound (H2O)4–CO and (D2O)4
–CO clusters have been studied experimentally by high-resolution
infrared spectroscopy in the C–O stretch fundamental region and
theoretically by means of ab initio calculations. As previously
observed for the (water)3–CO and (water)2–CO clusters, the H2O
containing spectrum was broadened (≈0.012 cm−1) by predissocia-
tion, while the D2O spectrum was sharp, allowing detailed rotational
analysis. The well determined rotational parameters (A, B, and C)
from the analysis are not sufficient to determine a cluster structure,
but the ab initio calculations give parameters for the lowest energy
(D2O)4–CO isomer, in good agreement with experiment, providing
confirmation of the assignment to (D2O)4–CO. In the resulting clus-
ter structure, the (D2O)4 fragment is a cyclic hydrogen-bonded ring,
very similar to the isolated (D2O)4 tetramer. This is not so surpris-
ing, since water tetramer is noted to be particularly stable, thanks,
in part, to its high symmetry.35,36 The CO molecule lies “above” the
plane of the water tetramer ring, with a C–D hydrogen bond involv-
ing one of the “free” deuterons of the (D2O)4 fragment. Relative
intensities of the observed transitions in the spectrum suggest that
in the true effective structure, the CO is somewhat rotated so that
the C atom points more toward the ring plane.

SUPPLEMENTARY MATERIAL

See the supplementary material found online and associated
with this article, including a table giving observed and calculated
infrared transitions for (D2O)4–CO, notes on the computational
methodology, and calculated structures for other (D2O)4–CO iso-
mers.
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