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Microwave spectra of CuOD and AgOD: Molecular structure and harmonic

force field of CuOH and AgOH

Christopher J. Whithamn, Hiroyuki Ozeki, and Shuiji Saito
Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan

Pure rotational spectra are reported for the deuterated species of copper and silver hydroxide,
BCoOD, *7Ag0OD, and '®AgOD. Together with the CuOH and AgOH data previously reported, a
number of harmonic force constants were determined. These constants are interpreted in terms of
the balance between competing ionic and covalent interactions. The harmonic force field allowed
the r, structures to be determined. Both molecules are strongly bent indicating considerable covalent

character.

1. INTRODUCTION

There is now a considerable amount of high resolution
spectroscopic data on diatomic transition metal radicals such
as oxides, halides, nitrides, and hydrides.!™® Gas phase data
of this type is helpful in understanding the often complex
role the 4 electrons play in bonding. In contrast, polyatomic
transition metal molecules have received much less attention.
Some examples of recent polyatomics that have been studied
include FeCO,® WCH,” CuCl,,? and NiCl,.® The lack of data
is particalarly true for the hydroxides. In 2 recent
communication,'® we reported rotational spectra of CuOH
and AgOH obtained in a dc discharge absorption cell milli-
meter wave spectrometer. The only previous gas phase spec-
troscopic study of a transition metal hydroxide has been the
electronic spectroscopy of CuOH." * Yet, metal hydroxides
are an important class of radicals. As well as playing an
important role in the imteractions of water with metal
surfaces,' they are also interesting from a theoretical point
of view. Being isoelectronic with metal fluorides, they offer
a simple extension of bonding models from diatomics to
polyatomics. In particular, the M—~O-H bond angle is a sen-
sitive probe of ionic vs covalent interactions in the M-O
bond. Highly ionic molecules like NaOH, KOH, and CaOH
are found to be 1im::a:,!5"17 whilst at the other extreme, co-
valent molecules like H,O and CH;0H have strongly bent
bydroxide bonds. The group II hydroxides, AIOH and
InOH, lie somewhere in between being quasilinear, ie.,
slightly bent but with a low barrier to linearity.'®*® The in-
fluence of 4 electrons can be expected to play a major role in
determining the structure of transition metal hydroxides per-
haps leading to a wide range of geometries and there is there-
fore a need for rotational spectroscopic studies of these
molecules.

The first rotationally resolved spectrum of a transition
metal‘ hydroxide was reported by Trkula and Harris in
1983,'" who recorded an electronic spectrum of CuOH
around 540 nm. Their spectrum showed clear evidence for a
bent structure. Subsequent high resolution electronic spectra
by Bernath and co-workers'*" resulted in more accurate ro-

tational constants for the ground X 'A’ state and two elec-
tronically excited states labeled A 'A’ and B 'A”. From the
partial r; structure, they determined the bond angle to be
about 110° in the ground state, indicating considerable cova-
lent interaction in the Cu—O bond.

A number of ab initio calculations of CuOH bave been
reported,” 2 of which the most recent by Mochizuki et ai.
was in 1easonable agreement with the r, structure. It was
found that the effects of correlation among the Cud elec-
trons are very important for the calculation of the correct
bond angle and also the electronic excitation energies. The
importance of correlation seems to be a feature of transition
metal bonding, earlier lower level calculations on CuOH
overestimated the bond angle by about 20°.

In this paper, we report millimeter wave spectra of
CuOD and AgOD. Together with our CuOH and AgOH
data,"® we have been able to determine a harmonic force field
using the centrifugal distortion constants. Vibrationally aver-
aged structures were calculated for CuOH and AgOH by
correcting the observed rotational constants for the harmonic
vibrational contributions. We found that the AgOH bond
angle is very similar to that of CuOH indicating that the
metal-oxygen bond is also similar in both molecules. A
slightly smaller value for the AgOH angle may be the result
of the longer Ag—O bond compared to Cu—O.

H. EXPERIMENT

The CuOD and AgOD spectra were recorded under simi-
lar conditions to. the CuOH and AgOH spectra.’® The mol-
ecules were produced in a 2 m long absorption cell by sput-
tering from copper or silver cathode electrodes in a dc
discharge of a 20 mTorr 3:1 He/O,; gas mixture. The opti-
mum signals required flowing about 100 mTorr of D,0
through the cooled cell (held below 223 K) for 10-20 min
before starting the measurements. Reactions at the metal sur-
face would therefore seem to be important for production of
the gas phase hydroxides. Millimeter wave radiation in the
range 200-370 GHz was generated using free running
klystrons and frequency multipliers and modulated at 50
kHz.” After passing through the cell, radiation was detected



TABLE 1. Parameters from least-squares fit to CuOD transitions. TABLE 1. P from least-sq) fit to AgOD transitions.
Parameter® BCuOD® Parameter 7 A20D? 24 50D"
AIGHZ® 372.5 AIGHz 357.25(2) 357.27(3)
12 (B+C)y/MHz 10 797.063 5(7) Y2 (B+C)iMHz 7677.5924(3) 7657.5798(4)
(B~ C)/MHz 343.9759(42} (B—O)/MHz 180.8048(18) 179.8614(24)
BiMHz 10969.0515 BiMHz 7767.9948 7747.5104
C/MHz 10 625.0760 CMHz 7587.1900 7567.6490
Dy /kHz 14.9792(15) Dy /xHz 8.1251(3) 8.0824(6)
Dy kHz 475.86(13) Dy /kHz 351.99(8) 349.80(10)
Dy IMHzS 192 Dy /MHzZ" 180 180
dy /kHz ~0.5952{22) d; IkHz —0.2099(4) ~0.2071(6)
dy IkHz ~0.0851(4) dy Itz ~0.0241(1) -0.0238(2)
Hyy ¥z 1.47(15) Hyx/Hz 0.088(30) 0.16(3)

H oy /kHz 0.046(12) Hyn kHz 0.147(7) 0.141(8)
Ly /Hz ~2.6(3) Lgy/Hz —1.24(20) ~1.21(20)
Ag/amu A% 0.1350 Ay /amu A2 0.1358 0.1358
ofkHz 198 ofkHz 10 12

*H > Ly » ate coefficients of N*N7, N2, respectively. Ay is the inertial
defect. o is the standard deviation of the fit,

bRt to 38 transitions with N=12-111t0 1716 and K,=0-0165-5.

“Parameter constrained to value reported in Ref. 12,

at 100 kHz with a liguid helium cooled InSh detector. Mea-
surement accuracy was estimated to be about 10-20 kHz.

{ll. RESULTS AND SPECTROSCOPIC ANALYSIS

All the observed specira correspond to that of a closed
shell near prolate asymmetric top. Predictions of a-type ro-
tational transitions were made for ®CaOD using the elec-
tronic specira rotational constants.”” A total of 39 a-type R
branch transitions were measured ranging from N=12-11 to
1716 and K,=0-0 10 5-5 {i.e, AN=1, AK,=0). As for
CuOH, no quadrupole splitting was observed from the /
=3/2 Cu nucleus.

For 'AgOD and Ag0OD (hoth silver isotopes are in
roughly 50% abundance), predictions were made using the
structure derived in our previous communication.'® A total of
48 a-type rotational transitions were measured for both iso-
topic species, ranging from N=19-18 to 24-23 and X,
=0--0 to 5--5. Both silver isotopes have /= 1/2 so no hyper-
fine splittings were expected. Two transitions, 22,2155,
and 2254021559 were found to overlap for both isoto-
pomers, and so were excluded from the least squares
analysis.

As for our previous CuOH and AgOH spectra, the
CuOD and AgOD transition frequencies were fitted 10 a stan-
dard Watson S reduced Hamiltonian, incorporating centrifu-
gal distortion terms up to NQNS. The K,=3 asymmetry
splitting is calculated to be quite significant for the deuter-
ated species (over 100 kHz); so although no splitting was
observed, the mean of the two asymmetry components was
used in the calculations. The CuOD A and D constants were
held fixed to the values determined in Refl 12 and Hy was
set to zero. For AgOD, A was fitted and D set to 180 MHz,
the value suggested by our force field calculations; the re-
sults being very insensitive to the value of Dg.

The results of the fits are shown in Tables I and 1L The
transition frequencies and residuals for all the observed iso-
topic species of CuOH and AgOH are given in tables in

Bt to 46 ransitions with N=19-181024-23 and K,=0-0105-5. for
both species.
“Parameter estimated from the force field calculation.

EPAPS.?* Note that the A rotational constant is more pre-
cisely determined for AgOD than for AgOH becanse of the
larger asymmetry.

IV. FORCE FIELD ANALYSIS

Information on the harmonic force field is desirable for
two reasons. First, the force constants themselves provide
useful data on the strengths of bonds and the response to
deformations in the molecule. Secondly, they can also be
used io correct the observed rotational constants for har-
monic vibrational effects to produce zero point average rota-
tional constants.” > All the calculations were performed vs-
ing the ASYM20 program of Hedberg and Mills,®® which is
capable of fitting a force field to a variety of experimental
data.

An unsymmetrical bent triatomic molecule MOH has six
independent force constants with respect to the internal co-
ordinates, Argu(ry), A8(xry), and Arye(r;). For CuOH,
five quartic centrifugal distortion parameters are available for
$BCuOH and ®¥CuOD (though only four of them are indepen-
dent in the harmonic approximation for 2 planar molecule).
The $CuOH parameters are not so useful as they differ only
slightly from those of BCuOH. In addition, bending vibra-
tional frequencies were assigned for CuOH and CuOD from
the gas phase emission spectra of Trkula and Harris.!! To-
gether, these constitute a data set sufficient to determine the
force field. However, because of the lack of additional vibra-
tional frequencies, it is advisable to be guided by previous
work on related molecules in which a more extensive data
set was available. Anderson ef al.”® reported calculations on
CIOH using all three vibrational frequencies and centrifugal
distortion constants for a number of isotopic species. We
repeated the CIOH calculations using ASYM20 for a data set
equivalent to that obtained for CuOH. This produced very
little change in the force constants except for a 20% reduc-
tion in the O-H stretch fy,. Accordingly, we decided to fix
this force constant in CuOH to the value for OH™ (7.8
al A79),% noting that the OH stretch force constants are very



TABLE T Observed and calculated centrifugal distortion constants and
vibrational frequencies of CuOH.

BCuOH BCu0D

Parameter obs calc obs calc

Dy /kHz 17.57 17.68 14.98 15.05
Dy lkHz 1206.3 1206.3 4759 476.4
Dy /MHz 692° 550.0 192.0 192.8
dy/kHz ~0.349 -0.300 ~0.595 ~0.538
dy IkH2® - (.042 ~0.0237 -0.085 ~0.057
wy fom™t 3738 2718
wylom™! 43¢ 744 537° 535
wyicm™! 628 633

TABLE IV. Harmonic force field for CoOH.

Force constant* CuOH ab initic®
Fulad A2 7.8° 9.15
Frafal A" rad™? 0.464(21) 0.55
Sola¥rad™? 0.3046(40) 0.24
fiafal A2 0.0°

Falad A™1rag™! 0.162(2) 028
Fulad A2 3.106(40) 3.03

*The internal coordinates used are ry= Ar(OH), 5, = A 8(CuOH), vy
=Ar(Cu0). The geometry used was the r, structure of Ref, 12; reuo
=1.7689 A, rc0=0.952 A, 9=110.2°.

"From Ref. 22.

*Value given weight of zero in the ft.

*d, commonly has larger errors than other parameters because the five cal-
culated centrifugal constants are necessarily constrained by the planatity
condition. .

“Observed value from gas phase emission spectrum of Ref. 11.

similar for a range of molecules, such as O™, OH, C10H,
and H;0. The calculations used the partial r, structure pre-
viously determined for CaOH (Ref. 12) and the geometry
derived for AgOH in our communication.’

From trial fits it became apparent that the stretch—stretch
interaction force constant fi; was very poorly determined
and so was constrained to zero. It was then found that re-
moving a single item of data had very litle effect on the fit
except for the D ¢ parameter for the *CuOH isotopic species,
which is by far the largest distortion parameter used (692
MHz) and is therefore likely io have the largest nonharmonic
contribution (the value calculated for this parameter, on re-
moving it from the fit, 590 MHz, has 2 15% error). This
assumption is consistent with related studies on other mol-
ecules. There is a clear correlation between the quasilinearity
of a molecule, as estimated by the ratio of the 4 rotational
constant to the lowest bending vibrational frequency, and the
error in the calculated Dy parameter for the H-isotopic spe-
cies (the errors for the D-isotopomer are much smaller by
comparison). For CIOH, which is less quasilinear than
CuOH, the calculated value of Dy for the **CIOH isotopic
species (119 MHz) has an error of 8% compared to the ob-
served value {130 MHz).” For the more quasilinear mol-
ecule HNCO, the percentage eror for Dy was larger
(26%).! For this reason, we believe that D x for the CuOH
isotopomer contains a significant nonharmonic conitbution
and was omitted from the final fit. ¥t should also be noted
that, with this parameter removed, including f; in the fit
produced little change in the other force constants. Because
the fitted value had a large uncertainty, 8.0-0.7aJA ™2, it
was decided to keep it constrained to the OH™ value. The
resulting fit to four force constants was quite satisfactory,
with the data shown in Table I, and the force constants
given in Table IV,

For AgOH, the lack of any vibrational data means that a
general force field determination is not possible. However,
the AgOH and AgOD inertial defects are virtally identical
to those of CuOH and CuOD (0.104 and 0.135 amu A%, re-
spectively), and as the bending vibration gives the largest
contribution fo the inertial defect, this suggests that the bend-
ing force constanis fy, are also very similar. When the

Py constrained in the fit.

AgOH and AgOD centrifugal distortion constants were cal-
culated vsing the CuCOH force field, good agreement was
achieved with the exception of Dy As the Ag-O stretch fi,
gives the largest coniribution to Dy, this was then floated in
a least squares fit and 4 value of 2.32(2) aJ A™? was deter-
mined. We believe the fit gives a reliable value for fa3 and
reasonable values for the harmonic corrections to the rota-
tional constants {from the reasonable conclusion that all the
other force constants are very similar to those of CuOH). It is
possible to float other force constants simultaneously; how-
ever, because of strong correlations between J. fi2, and
Ja3 their reliability would be difficult to acertain. The three
vibrational frequencies calculated from the AgOH force field
are 3738, 738, 517 con ™! (AgOH) and 2718, 552, 498 cm ™!
{AgOD).

V. VIBRATIONALLY AVERAGED STRUCTURE

The vibrationally averaged, or 7, structure is calculated
by correcting the observed rotational constants for harmonic
vibrational effects,” % The resulting constants have very
small residual inertial defects (for planar molecules) and so
give a more consistent molecular -geometry. The harmonic
corrections were calculated using the relation

BI-Bh= 2, 1/2a(bar), (1)
S ;

where the sum is over all vibrational modes v, and rrefers to
the inertial axes x,y,z. o, (har), the harmonic contributions to
the vibration-rotation constants, were calculated from the
molecular force constants using the ASYM20 program by the
standard method.”®

In addition, small corrections due to centrifugal distor-
tion contributions to the S reduced rotational constants were
also made.*>® The resulting vibrationally averaged constants
Ag, By, C, for CuOH and AgOH are given in Tables V and
V1. The residual inertial defecis are satisfactorily small, in-
dicating that the force fields used give a reliable estimate of
the harmonic contributions.

The r, geometry was determined by a fit of the averaged
constants, for the various isotopic species, to the parameters
rvo» Ton. and 6. In general, it is necessary to account for a
slight reduction in the averaged rqp, bond length compared to
rou due to anharmonic effects,™ (typically 0.002-0.004 A).
However, the data set is not very sensitive to such effects and



TABLE VIL The r, structure for CuOH and AgOH.

TABLE V. Vibrationally averaged sotational of CuOH.
Constant BCaOH SCaOH SBCuon Parameter CuCH AgOH
AL IGHA 667.27 667.25 362.36 FolA 1.77182(3) 2.01849(4)
B, MH 11719426 11 643.165 10931.743 6/deg 110.12(30) 107.81¢2)
C,/MHZ 11515.89 11 442.258 10611092 ro.nlA 0.9646(3) 0.9639(1)
A Sfamu A? 0.0047 0.0047 0.0023

*Bstimated reliability of harmonic corrections, 1 GHz.
bEstimated reliabitity of harmonic corrections, 1 MHz
“Residual inertial defect.

the minimui standard deviation of the fit was achieved with
the same value for gy and rop . The geometrical parameters
from the fits are given in Table VII.

Vi. DISCUSSION

The CuOH r, structure is consistent with the partial r,
structure of Ref. 1Z. The slightly longer r, CaQO and OH
distances (by 0.003 and 0.013 A, respectively) are similar to
that observed in other molecules and are due to vibrational
anharmonicity.”® The two values for the bond angle are re-
markably similar. In our previous communication,'® we de-
termined the difference in the AgOH and CuOH geometry
from just one isotopic species assuming the OH bond Jength
was the same for both molecules. The present determination
makes no such assumption and gives a more precise and
reliable AgOH geometry, but does not differ appreciably
from that in Ref. 10. The OH bond length is found to be
almost identical in both molecules (0.964 A), which is con-
sistent with a similar electronic structure (largely OH ).
Thus both molecules would seem o be fairdy ionic
(M*—~OH™) but with similar amounts of covaleni character
giving rise fo a bent geomeiry.

The similarity of the AgOH and CuOH bond angles is
good evidence that the balance between ionic and covalent
interactions is roughly the same. This is understandable
given that both the copper and silver ionization potentials
(7.725 and 7.576 V) and the Pauling electronegativities (1.9
and 1.93, respectively) are similar. Although the dominant
metal atom configurations for the covaleni structure are
3d%45' (Cu) and 44'%55%, (Ag) SCF calenlations using this
configuration gave bond angles of 130°, about 20° too
large.”! The effects of electron correlation for the metal d
electrons are important and have the effect of mixing in ex-
cited configurations (e.g., 3d°4s?), enhancing covalent over-
lap and reducing the bond angle.?

The difference in the Ag-O and Cu-O bond lengths
(0.247 A) is mainly due to the larger ionic radius of Ag
compared to Cu. The difference compares favorably with

that between AgF and CuF (0.238 A).! Although similar,

TABLE V1. Vibrationally averaged rotational consiants of AgOH.

Parameter W AgOH 1990 00K YAsOD 1®a00D
A,/GHz 645.64 646.24 348.52 348.54
B,/MHz 8292.087 8271.282 7746743 7726.357
C./MBz 8186.391 8166.112 7578.145 7558.642
Afamn A? 0.0041 6.0041 0.0013 0.0013

there is a noticable decrease of about 2.3° in the AgOH bond
angle from CuOH. This may result from the larger metal—-
oxygen distance for AgOH. The bond angle is the result of a
balance beiween ionic repulsion between the positive
charges on the metal and H atoms tending o increase the
angle towards linearity and covalent orbital overlap tending
to decrease the angle. The longer Ag—O bond means a re-
duced electrostatic repulsion between Ag and H, allowing
the angle to decrease in order to enhance ihe covalent stabi-
lization.

The force constants are best discussed by comparison
with other related metal containing molecules, especially hy-
droxides and the isoelectronic fluorides, Table VIII lists the
metal-F/O stretching force constants for a number of metal
hydroxides and fluorides for which data is available.

The reduction in the M~O streich force constant from
CuOH to AgGH closely matches that between CuF and AgF.
This is presumably due to the reduced ionic atiraction for the
longer Ag—0O bond. In faci, this scems to be a general trend
for all the metal hydroxides and fluorides, especially within a
group; longer bond lengths mean smaller force constants.
There is also a small but consistent reduction between the
MF and MOH valges, which again correlates with the
slightly longer M—~O vs M—F bond length (a difference of
about 0.02 t0 0.03 A).

There are not very many MOH molecules with which to
compare bending force constants. Those available are listed
in Table IX, where we have derived the value for CaOH
from the observed bending frequency.®® All the linear metal
hydroxides have very low force constanis. This is under-
standable if the restoring force to deformation comes from
the repulsion between the positive charges on the M and H

TABLE VIIL A comparison of metal stretch force constants and bond
lengths for some hydroxides and fluorides.

Molecule Frao or Sy /al A2 Fyo OF rmlﬁa
CuOH? 3,108 1771
CuF® 333 175
AgOH? 232 2016
AgP® 2.51 1.98
CaOH® 26 1.985
CaF® 263 1.952
KOH® 13 22
KF 1.38 2171
RbOH 1.05 2.301
RbF® 129 227
*This work,
"Reference 1.

“Reference 35.
“Reference 36.
“Reference 37.

® 38.




TABLE IX. Commparison of bending force constants for some hydroxides.

Molecule Sfolalrad™!
CuOH* 0.305
KOR® 0.05
RbOH® 0.046
CaOH* 0.05
CIOH® 0.796

*This work.

®Reference 37.

“Reference 38.

Reference 35.
“Reference 29.

atoins, rather than a change in orbital overlap. At linearity,
the rate of change of the M-H separation with the boad
angle is zero. It is of interest 10 examine how this simple
electrostatic model works for the linear hydroxides. In order
to calculate the bending force constant, we assume that the
bending potential is given by the elecirostatic repulsion be-
tween two positive point charges on the metal (M) and the H
atoms ( &y, 8y,) see Fig. 1.

Bquation (2) gives the potential a3 a function of the
M-H distance r, where 7= rig -+ ropt+ 2ryg Tou .c08 &,

bargr’

V{ig)= @

For small values of ¢ the potential can be expanded o give

Yo Snuryor ond’

V= o
4ae(rygtron) 8

[

: .
re{rotroul

ience, the bending force constant, which is derived from
& %:fb . (;:Lzﬁ IS

_ Swdurvaron
Y4 me(ryuet ron)

e

@

Using RbOH as an example, ryo= 234, rou
=0.957 A. Bstimating 8y as +0.8 e [values for the ionic
character of alkali metal halides range from 70% to 100%
(Ref, 31)] and 8y as around +0.3 ¢ [from an SCF charge
calculated for CuCH (Ref. 22)], f,, is caleulated 1o be 0.035
atrad™}, compared to the observed value of 0.046. Consid-
ering its highly simplistic nature, the model seems to give a
reasonable semiquantitative picture of the bending potential
and certainly correctly predicis the low values of the bending
force constant. .

Clearly, the electrostatic model cannot he yged for the
bent CuOH and AgOH molecules. Their bending force con-
stants lie between those of the Biear molecules and strongly
bent covalent hydroxides Yixe CIOH.

The CuOH stzich—bend interaction force constants, fyy,
S5, ave alsl; wmteresting. Both are positive, which means that

FIG. 1. The relationship between the M~H distance and the bending angle
¢ for & linear MOH molecule.

a streiching of either the Cu~O or G-H bonds results in a
smaller bond angle. The explanation may be related to the
explanation of the smaller bond angle of AgOH; when the
Cu~O bond is siretched the Cu—H separation increases, re-
ducing the electrosiatic repulsion and allowing the bond
angle to become smaller in order to enhance the covalent
orbital overlap, If this was the sole effect, the stretch—bend
constants for the Cn—-O and O-H stretches should be similar
(though not identical because of the different bond lengths).
However, the O-H interaction consiant is ronghly thres
times larger. The main difference between the two bonds is
that the OH~ subunit is largely covalent rather than largely
ionic. Ab initio calculations for OH™ show a strong reduction
in the dipole moment with internuclear distance, which indi-
cates a reduction in the positive charge on the H atom.”® This
suggests that as the O-H bond is streiched, not only is the
Cu-~H distance increased, but the positive charge on the H
atom is simultaneously decreasing giving a much stronger
decrease in the electrostatic repulsion.

Finally, Table IV also lists the ab initio force constants
calculated by Mochizuki ef aZ.? There is reasonably good, in
some cases semiquaniiiative, agreement, with gar experi-
mental vahies. This is consistent with th¢ agreement with the
geomeiry and clecivonic excitzlion energies, suggesting that
the level of calcuiatios (3DCI) gives a reasonable account of
the complex irostatic and covalent interactions in this
molecule. & 15 desirable to carry out further investigations of
the properties of CuOH and AgOH (such as dipole moment
and electric quadrupole moments) and other iransition metal
hydroxides.
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