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Using density functional theory methods and large basis sets, we calculated hyperfine coupling constants
(HFCCs) for the!'B, 70, ?’Al, and %°Ga nuclei of the radicals BO, AlO, and GaO (XO), embedded-i£2

rare gas (Rg) Ne and Ar atoms. Kr atoms were included for AlO. The distance of the Rg atoms from XO was
varied from 4 to 12 bohr. Matrix effects caubgy(X) to increase, accompanied by decreasefs(X) and

Agip(O), while Aiso(O) remains close to zero. Changes are largest for AlO, slightly smaller for GaO, and very
small for BO, in line with the molecular polarizabilities. Observed changessgX) and Agip(X) for BO in

Ne matrixes and for AlO in Ne, Ar, and Kr matrixes are reproduced in complexes with 12 Rg atoms at
distances of 56 bohr or 14 Rg atoms at distances ef bohr. For GaO, experimental data are available
only in Ne matrixes. Theoretical results obtained for HFCC&®©fcould not be verified due to insufficient
experimental information. Estimates of HFCCs in matrixes not yet experimentally studied and for GaO in the
gas phase have been made. Due to the interaction with rare gas atoms, p-spin density on the X and O atoms
of XO is converted into s-spin density on X, thereby causing an increase (in magnitugg)>0f accompanied

by decreases iAgj, of X and O. The higher polarizability of XO along the bond axis is reflected in complexes
that have axial Rg atoms showing larger changes in HFCCs than comparable complexes without axial Rg
atoms.

Introduction In the present work, the effect of rare gas atoms on hyperfine

In a previous papér(paper 1), complexes of the rare gases cqupling constants (_HFCCs) will be investigated. An gxtension
(Rg) Ne and Ar with the radical AIO were investigated by Will be made by subjecting not only AlO but also the isovalent
theoretical methods to study changes in the electrgnensor ~ Molecules BO and GaO to Ne and Ar rare gas environments.
of AIO due to surrounding rare gas atoms. Matrix effects on Krypton—AIlO complexes, for which experimental numbers are
properties of atoms and molecules are well-known and are available, will be included.
documented in many studies. They have been especially well Density functional methods are to be employed for the
established in the electron spin resonance spectra of AlO. Knightcalculations of HFCCs. Thanks to the shorter computer times
and Weltnet found thatAgn (Ag = g — ge) changes from an  required for DFT calculations, compared with those needed for
estimated-1450 ppm in the gas phas® —1900 ppm in Ne,  the MRCI methods used ig-tensor calculations, the size of
—2600 ppm in Ar, and-5000 ppm in Kr matrixes. the models was increased from 10 to 12 and 14 Rg atoms, the

In paper |, theg-tensor was calculated for various RO~ 14.Rq complex having two axial Rg atoms and three rings of
complexes, ranging from 2 to 10 Rg atoms, using perturbation g, each off-axial ones. They surround the XO £XB, Al,
methods based on multireference configuration interaction Ga) radical like a cylinder that is closed if axial atoms are

(MRCI) wave functions, as developed and tested by this present or open in the absence of the two axial Rg atoms.

group?=6 In the Rg-AlO models, various combinations of . 1
axially and off-axially placed Rg atoms were used. Axial Rg _ EXperimental HFCC values for AIO, BO, and G&O** are

atoms were placed on the AlO axis, and off-axial ones in one 9iven in Table 1. A well-pronounced matrix effect is seen for
or two rings of four each surrounding the AlO axis. The distance Aisd*’Al), which moves from 738 MHz in the gas phase to 766
of the Rg atoms from the Al and O atoms (to be detailed later) MHz in @ Ne matrix and to 899 MHz in Ar and 920 MHz in
was varied from 4 to 12 bohr. Kr. For Agip(?’Al), no clear trend can be seen. If anything, there
It was found that two axial Rg atoms (without additional off- is a small decrease as one goes from the gas phase to the Kr
axial ones) generally rais&gn above the value for free AIO  matrix. For BO, the observed change from the gas phase to the
(to less negative values), while rings of Rg atoms lower Ne matrix value is very small. For GaO, experimental HFCC
below it (to more negative values). For the largest systems values could only be found for the Ne matrix, so a matrix effect
studied, having 10 Rg atoms, the biggest changes occur atcould not be established from the given experimental number.
distances of 56 bohr, withAg's of —2930 ppm at 5 bohr for Theoretical HFCC values for AlO and GaO have been
Ne and—3530 ppm at 6 bohr for Ar. It was noted that the  \o4rted by Knight et @land by DavidsoH using unrestricted
a_dd_ltlpn_of axial Rg atoms to rings of off-aX|aI ones _had 8 Hartree-Fock (UHF), restricted open-shell HartreEock
SJIET:ISS'E?‘ esﬁc?fcgoﬁqulﬁg%to?; :;gxple, tlg ghi N‘efgggg (ROHF), and unrestricted Becke three-paramelere, Yang,

9 . go at > bonris Parr (UB3LYP) methods; for BO and AlO by Knight et ‘dl.
ppm.(\;\ghez (;\t,(\;(c)i z:gﬁlvzgogi Sa er:e t?&g%ﬁ:g??ete&'jggo using self-consistent field (SCF) and configuration interaction
PP g ' ' (CIl) methods; for BO, AlO, and GaO by Belanzoni et&alising

*E-mail: fritz@unb.ca. various forms of the zeroth-order regular approximation (ZORA)
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TABLE 1: Experimental Values for Hyperfine Coupling
Constants (MHz) of 27Al, 11B, %Ga, and 17O Nuclei in AIO,
BO, and GaO (XO)

J. Phys. Chem. A, Vol. 109, No. 41, 2008271

TABLE 2: Hyperfine Coupling Constants (MHz) for AlO
Calculated by Various ab Initio and Density Functional
Methods?

ref Aiso(x) Adip(x) Aiso(o) Adip(o)
BO, gas phase 9 1027.4 27.1
BO, Ne matrix ~ 16-13 1033(1) 25(1) —19(3) —12(3)
AlO, gas phase 7 738.0 56.4
AlO, Ne matrix 2,8 766(2)  53.0(7) 2 -50
AlO, Ar matrix 2 899(3)  54(1)
AlO, Kr matrix 2 920(3) 51(1)
GaO, Ne matrix 8 1483 127 8 =77

method; and for BO and AIO by Engels etlusing the
Perdew-Wang exchange functional with the Perdew 1986
correlation functional (PWP86)/individual gauge for localized
orbital (IGLO)-IIl method.

The AIO radical has received much attention in the literature.
Yoshimine et ak’ in 1973 pointed out that the ground state

27A| 170

Aiso Adip Aiso Adip
UHF 571.1 56.2 16.5 —54.4
UMP2 10.4 74.3 135.5 —52.6
UCISD —50.0 66.7 63.6 —69.6
USVWN 742.4 57.7 19.2 —54.4
USVWN5 730.0 57.5 19.4 —54.6
UB3LYP 498.2 60.3 135 —64.5
UB3PW91 529.1 58.4 26.0 —60.7
UMPW1PW91 492.2 58.6 27.1 —61.5
UPW91PW91 625.8 57.0 20.8 —58.2
expt 738.0 56.4 2¢ —50°

aThe basis set is always 6-3t6(3d,f). UHF = unrestricted
Hartree-Fock; UMP2 = unrestricted MgllerPlesset second-order
perturbation theory; UCISDB= unrestricted configuration interaction

cannot be adequately described by a single-configuration SCFuwith single and double excitation; USVWAN unrestricted Slater’s local

wave function due to a mixture of A10?~ and A*O~ contribu-

spin density exchange with Vosko, Wilk, and Nusair’s local spin density

tions, where the unpaired electron resides on Al in the first case correlation functional; UB3LYPR= unrestricted Becke three-parameter
and on O in the second. Further discussions are found in Knight With Lee, Yang, Parr method; UB3PWO91 = unrestricted Becke three-

et al.® Davidson'* and Bruna and GreifiSimilar problems have
been encountered for the isoelectronic Siéhd GaO8

Several trapping sites could be distinguished for BO in Ne
matrixes with motional averaging occurring in the 1SO (isotro-
pic) site and strong orientation in the OR (oriented) itd3
However, in Ar matrixes only random orientation is observed.

The effect of Ar, Kr, and Xe matrixes on hyperfine coupling
constants and-tensors of atomic boron has been investigated
by Kiljunen et al*® Erikssort® calculated changes to the HFCCs
of Mg" and Mg™ due to surrounding Ne and Ar atoms. The
interaction of one Li, Na, or K atom with acetylene and changes

parameter with PerdewWang 1991 method; UMPW1PW91 = unre-
stricted modified PerdewWang exchange functional with Perdew
Wang 1991 correlation functional; UPW91PW91 = unrestricted Perdew
Wang 1991 exchange functional with PerdeWang 1991 correlation
functional.® Gas phase, ref 7.Ne matrix, ref 2.

Cl methods, Knight et ai* obtained 776 and 42 MHz fokso-
(Al) and Agip(Al), respectively. Engels et alb, with PWP86/
IGLO-III, found 696.6 and 52.0 MHz for these quantities.

Both methods and basis sets used in the calculation of HFCCs
need some closer examination. In the review article by Engels
et al.18it is shown that DFT methods with gradient corrections

to the atomic hyperfine structure were investigated by Eriksson perform in general better for the calculation of HFCCs than

et al?!
According to Weltnet3 in matrixesAg's usually become

local density approximations. However, in the specific case of
this study, it was found preferable to use a method that replicates

more negative, but hyperfine coupling constants may increasethe experimental gas-phase HFCC of AlO, which then serves

or decrease.

Methods

Hyperfine coupling constants will be given for th#8, 170,
27Al, and%9%Ga nuclei of BO, AlO, GaO, and their Rg complexes.
All three radicals havéZ*" ground states. The complexes with
axial-only Rg atoms havé,,, symmetry with?’=" ground states,
while complexes with off-axial rings of Rg atoms ha@,
symmetry with?A; ground states. HFCCs were calculated using

as a reference for the changes introduced by the addition of Rg
atoms. As far as the basis set is concerned, large Pople-type
basis sets have been compared with correlation-consistent basis
sets in a study on the HFCCs of the thioformyl radi¢aind
found to give equally good or better results for tAg,'s.
Calculated anisotropic HFCCs are generally less dependent on
the choice of DFT method and basis ¥et.

HFCCs listed in the forthcoming tables were obtained with
the SVWN functional for AIO and GaO complexes and with

density functional theory methods, which have been shown to B3LYP for BO complexes. For BO, B3LYP results (1057.3

give, in general, reliable results. All calculations were performed
with the Gaussian03 prograrfsThe basis set was always kept
as 6-31#G(3d,f). Bond distances were fixed at the experimental
values with 1.6179 A or 3.057 bohr for AlO, 1.2045 A or 2.2762
bohr for BO, and 1.7436 A or 3.2949 bohr for G&&41nitially,

the B3LYP method was used for both AlIO and BO systems.
However Aiso(Al) for the AIO molecule calculated with B3LYP

is too low, 498.6 MHz, compared with the experimental gas-

MHz for Aso(B)) are closer to experimental valuess{(B) =
1027.4 MH2) than SVWN results Aiso(B) = 970.4 MHz),
although the differences between various methods are small.
For Aiso(B) andAgip(B) of BO, Knight et al*! obtained 968 and

26 MHz, whereas Engels et ®lfound 996.5 and 28.5 MHz.
The situation for GaO is similar to that of AIO. The SVWN
method gives 1466.3 MHz fokso(Ga), which is close to 1483
MHz observed in Ne matrix. All other theoretical methods

phase value of 738.0 MHz. Several other methods were tested,nvestigated lead to inferiokso(Ga)’s. For example, the results

including ab initio methods. The results fat(Al,0) and Agip-
(Al,O) of AIO are displayed in Table 2. It is seen that the

(in MHz) are 641.9 for B3LYP, 1046.9 for UHF-96.5 for
MP2, and—101.3 for CISD.

Mgller—Plesset second-order perturbation theory (MP2) and The models used for the placement of Rg atoms in relation

configuration interaction with single and double excitation
(CISD) methods lead to poor results. Amazingly, the best fit is
obtained with SVWN, one of the earliest density functionals,
which combines Slater’s local spin density exch&Ageith
Vosko, Wilk, and Nusair's local spin density correlation
functional?® The SVWN result forAso(Al) of AlO is 742.4

to AlO have been described in paper I. The notatiop(&b)—

AlO indicates that there is a total of Rg atoms,a in axial
positions and in off-axial positions witha + b = n. There

can be 0 or 2 Rg atoms in axial position. In the case of two
axial Rg atoms, one is on the Al and the other on the O side of
AlIO at a distanceR from Al or O. Off-axial Rg atoms always

MHz, very close to the experimental gas-phase value. Using come in multiples of four. Fob = 4, there is one ring of Rg
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Ry Rg Rg TABLE 3: Hyperfine Coupling Constants (MHz) for
\?{Rg/ Ne—AlO Complexes with DistanceR in bohr?
Rg\ e RY Rgc—" %Rs complex R AoAl)  Agp(A)  As(O)  Adp(O)
T Nex(2,0-AIO 4 828.8 49.0 144 -57.2
B %/Al g 5 804 561  17.3 -548
T 6 773.6 57.2 186 —54.1
Rg Ry 9 752.0 57.5 19.2 541
> e 12 7518 575 192 -541
0 Rg—" |\%Rg Nex(0,4)-AlO 4 667.2 61.5 111 —46.9
5 742.1 58.4 176 -52.1
R R
|0 0 6 7573 574 100 —535
‘E\-\-\_\_"‘—‘-— . . . - .
| £omtopioE
Re /Rg . : . .

\Rg Nes(2,4)-AlO 4 8520 53.7 9.1 —46.9
R R IR 5 8487  57.0 157 —51.9
9 6  777.1 57.2 18.1 -53.8
(b) (c) 9 755.1 57.3 19.2 -54.0
o 12 755.3 57.4 19.2 -54.1
Nes(0,8)-AlO 4 1012.6 58.7 144 —29.9
5 855.2 58.2 18.2 —48.6
6 767.3 57.4 18.7 —53.0
9 743.6 57.6 18.9 —54.1
Al 12 744.0 57.7 18.9 —54.2
R \|/R9 Neyo(2,8)-AlO 4 12644 521 103 —-333
5 948.5 57.3 16.3 —49.3
Rg=" |\Rg 6 7893  57.1 182 —52.9
o 9 742.7 57.5 18.9 —54.1
12 744.1 57.6 18.9 —54.2
Ne,(0,12-AI0 4 8184 61.8 11.6  —447
5 768.7 57.8 16.7 —51.1
R 6 756.4 57.2 184 —53.6
g 9 752.3 57.5 19.2 —-54.2
(a) 12 752.4 57.5 19.2 —54.2
Figure 1. Structures of Rg2,4)—AlO (a), Rg(2,8)—AIO (b), and Nep(2,12-Al0 4 1019.1 54.7 10.0 —45.6
R0u2,12)AO (©) o 7861 569 179 533
atoms, with the center of the ring on the AlO axis between Al 9 748.7 57.5 18.7 —545
and O, at a distance of 1.2451 bohr from Al, which corresponds 12 7502 575 192 543
to the center of electronic charge for AlO. (To achieve minimal AlO 742.4 57.7 192 544

gauge effects, the electronic charge centroid has been used in a g\ywN/6-311-G(3d,) results.
the g-tensor calculations as coordinate origifcor HFCC
calculations, such choice is unimportant but will be used for | s seen thatAs(Al) for both Ne—AIO and Ar—AIO

the sake of consistency with thgetensor models.) With two — complexes is always larger than that of free AlO (742.4 MHz,
rings,b = 8, the centers of the rings are spaced equally outside gjyen at bottom of Tables 3 and 4). It generally decreases with
of Al and O, such that the distance between the centeRs is  jncreasing distance, with the exception of the;NAIO series,
and at the same time the distance of the Rg atoms from theé\here it increases. The values at 9 and 12 bohr are close to
their respective center on the axis is aRoFinally, for three  those of free AIO. In very few instances, the largest value is
rings,b = 12, the middle ring is placed as for= 4, while the  gptained at 5 bohr. Deviation @s,(Al) from that of pure AlO
outer rings have their center on the axis at a dist&oatside is larger for Ar (Table 4) than for Ne (Table 3) complexes at
of Al and O, and the distance of the Rg atoms from the center every distance.

is R The middle ring is rotated by 45with the respect to the Isotropic_hyperfine coupling constants 10 are usually
two outer rings. For BO and GaO complexes, the same modelsgmgiest at 4 bohr, rising to 19.2 MHz at 12 bohr, the value for
will be used. In the case of BO, the middle ring will be centered e AIO. As will be shown later, the s-spin density on O in

at a distance of 1.4736 bohr from the B atom, and for GaO the | and Rg-AlO is extremely small, about 0.4%, while the

center is chosen to be 0.7150 bohr from Ga. Both distancess_gpin density of Al in AlO is about 19%.

correspond to the center of electronic charge for the respective g arq)| changes in the dipolar HFCCs are usually smaller

XO molecule. than those in the isotropic values. ForN&lO complexesAgip-
Diagrams of Rg(2,4)~AlO, Rg1(2,8)~AlO, and Rg4(2,- (Al) and Agip(O) stay fairly constant, with possible exceptions

12)-AlO complexes are shown in Figure 1. To make the a¢ the short distances. For AAIO systems, larger deviations

computations tractable, the models were kept one-dimensional, e ghserved at 4 and sometimes 5 bohr for Hoti(Al) and
with respect to the distance. The same distance is used forAdip(O)_

spacings of axial Rg atoms from X and O and for off-axial Rg For the largest Ne cluster, Ne-AlO, AsAl) changes

atoms from the axis. from 1019.1 MHz at 4 bohr to 750.2 MHz at 12 bohr,
Adip(Al) from 54.7 to 57.5 MHz Aiso(O) from 10.0 to 19.2 MHz,
and Agip(O) from —45.6 to —54.3 MHz. For the Ar;—AIO

In Table 3, calculated HFCCs are given for the-MdO complex, the corresponding ranges are (in MHz) 1653.8 to 752.2
systems as a function of the distarR&ith R= 4, 5, 6, 9, and for Aiso(Al), 34.3 to 57.5 forAgip(Al), 0.9 to 19.1 forAiso(O),
12 bohr. The corresponding information for-AAIO systems and—9.2 to—54.1 forAgip(O). In all cases, the 12 bohr numbers
is shown in Table 4. are close to those of free AlO. At 4 bohr, the Ar values for

Results
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TABLE 4: Hyperfine Coupling Constants (MHz) for
Ar —AIO Complexes with DistanceR in bohr?

TABLE 6: Hyperfine Coupling Constants (MHz) for
Ar—BO Complexes with DistanceR in bohr2

complex R Aso(Al)  Agip(Al) Aso(O)  Auip(O) complex R Aso(B) Adip(B) Aso(O)  Auip(O)
Ary(2,0-AlO0 4 662.5 30.8 10.0 —55.7 Ary(2,0-BO 4 1032.9 22.3 —24.4 —23.2
5 897.4 49.4 13.2 —-5209 5 1086.2 26.5 —-17.3 —21.7
6 825.9 55.4 16.9 —53.2 6 1071.6 27.3 —-13.2 —21.4
9 7475 57.4 190 -54.1 9 1057.9 27.4 —-11.4 —21.3
12 7463 576 191 543 12 10574 274 113 —21.3
Ar4(0,4)-AlO 4 12245 541 12 -102 Ar4(0,4-BO g iégg-g gé-g 12.0 jg-g
5 831.0 58.6 11.0 —-40.3 6 1063-6 27'5 —84‘; _21'0
g Zggi g;-j igg :gg-i 9 10575 274 —11.4 -21.3
: : : : 12 1057.3 27.4 —-11.3 —21.3
12 748.1 57.6 19.1 -54.3
Are(2,4-BO 4 12478 229 75 -16.4
Arg(2,4)-AlO 4 1359.4 30.7 0.23 —-104 5 11235 26.8 -37 —20.1
5 1047.6 52.8 9.0 -401 6 1079.3 274 —102 -21.0
6 861.1 55.7 154 —49.6 9 1058.3 27.4 —-11.4 —21.3
9 752.4 57.2 19.1 -53.9 12 1057.5 27.4 —-11.4 —21.3
12 7503 575 191 —s4.2 Arg(0,8)-BO 4 13098 250 -149 -72
Arg(0,8)—AIO 4 1430.3 40.0 —-10.5 —0.93 5 1140.1 27.5 —-10.6 —-17.4
5 1214.0 54.2 11.1 —29.2 6 1079.0 275 —-119 -205
6 881.1 56.3 17.0 —47.2 9  1058.2 274 -11.4 213
12 744.6 57.7 189 -54.1 Ario(2,8)-BO 4 1381.7 23.9 —-23.3 —10.6
Aro28-AI0 4 12739 197 -139  -57 > mees  ald 138 Tiss
g 13%3'2 gg'g 123 :%'? 9 1058.9 274 -115 -21.3
: ' ' ' 12 1057.6 27.4 —-11.4 —21.3
9 745.1 57.3 18.7 —53.7
12 744.7 57.6 189 -54.1 Ari15(0,12)-BO 4 1245.5 26.4 11.1 -—-13.8
5 1092.8 27.4 0.3 -194
Ari1(0,12)-AlO 4 16194 56.1 0.29 —111 6 1066.1 275 -8.7 —20.9
5 900.5 57.9 10.7 —39.1 9 1057.8 27.4 —-11.4 —21.3
6 780.3 57.0 16.8 —49.8 12 1057.4 27.4 -11.3 —-21.3
9 754.4 57.4 19.2 -54.0
12 7522 57.5 19.1 -54.2 Ard2,12)-BO é’ ﬁg}g §§-§ _4%1 _}g-g‘
Ar(2,12-Al0 4 16538 343 09 -92 6 10831 274 -106 —20.9
5 1112.3 52.4 89 -—388 9 1058.6 27.4 —-11.5 —21.3
6 862.5 55.6 15.2 —49.4 12 1057.5 27.4 —-11.4 —21.3
9 754.7 57.2 19.2 —53.8 BO 1057.3 27.4 —-11.3 —21.3
12 752.2 57.5 19.1 -54.1
aB3LYP/6-31HG(3d,f) results.
AlO 742.4 57.7 19.2 544

a SVWN/6-31H-G(3d,f) results. the changes as the system size increases from two Rg atoms in
Rg—AIO or Rg,—BO to 14 Rg atoms in Rg—AIO and Rg4—
Aiso(Al) and Agip(Al) are 1.5-2 times those for Ne, while the  BO. In addition, in the previous paper on the changes of
Aiso and Agip values for O are even higher multiples of the Ne g-tensors for Rg-AlO systems, different trends were observed
values. for the addition of axial and off-axial Rg atoms. As will be

In Tables 5 and 6, isotropic and dipolar HFCCs are shown seen, such trends also emerge for the HFCCs. Since it would
for the Ne-BO and Ar—BO systems, respectively. A cursory be difficult to compare the series at all five distances, values at
survey of the results shows that deviations from the free BO 5 bohr only have been selected for further analysis. The choice
values, given at the bottom of these tables, are much smallerof 5 bohr, while somewhat arbitrary, reflects the conclusions
than those for the corresponding R@IO systems discussed drawn in paper | that the largest deviationsgeffrom that of
earlier. As the distanc® increasesAiso(B) is positive and AlO occur at distances of 56 bohr. While for HFCCs the
decreasing, whiléso(O), being negative, becomes more nega- largest deviations from free AIO and BO values are observed
tive. Agip(B) and Agip(O) show only small changes with mostly at 4 bohr, the interactions of Rg atoms with AIO and
increasing distance, not always in a consistent manner. BO at such a short distance are very strong, corresponding to

For the Ng,—BO system, with increasing distanc&sq(B) forced high-energy systems that could not easily be achieved
moves from 1198.7 to 1057.3 MHAy(B) from 27.2 to 27.4 in nature.Aiso(Al), Aiso(B), andAis((O) numbers at 5 bohr are
MHz with a maximum of 27.5 at 5 bohA;so(O) from —5.9 to shown in Table 7 for NeAlO, Ar—AIO, Ne—BO, and Ar-
—11.3 MHz, andAg;p(O) stays within 0.1 MHz of the free BO ~ BO complexes. This table also contains the percentage devia-
value of—21.3 MHz. For Ai4—BO complexes, the values for  tions of A (in parentheses) from the values applicable to free
the 4-12 bohr range, in MHz, are 1242.9 to 1057.5 Ay AlO or BO.
(B), 22.6 to 27.4 forAyip(B), 6.1 to—11.4 forAs«(O), and—13.4 In discussion of Table 7, it may be useful to look at isotropic
to —21.3 for Aqip(O). HFCCs of Al and B first. The following observations can be

One notices tha”so(O) is negative for BO and RgBO made: (i) For both RgAIO and Rg-BO systemsAiso(Al,B)
complexes (except at 4 and 5 bohr for some systems), while itis always larger for Ar than for Ne, corresponding to a larger

is positive for AlIO and the RgAIO systems. This point will
be discussed later.
So far, only the general trends s, andAgip as a function

percent deviation from the AIO/BO values. For example, for
Rgio—AIO, Aso(Al) (in MHz) is 948.5 for Ne (27.8%) and
1474.6 for Ar (98.6%). For Rg—BO, Aiso(B) is 1112.6 for Ne

of the distance have been considered. It is of interest to study(5.2%) and 1185.9 for Ar (12.2%). (ii) For the R&IO and
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1112.6 28.0 —13.2 —21.0
1068.2 275 —12.0 —21.3
1057.6 27.4 —-11.4 —21.3

MHz, mostly below (in magnitude) the AIO value ef54.4
MHz. The maximum deviation is 10.7%. For AAIO com-

TABLE 5: Hyperfine Coupling Constants (MHz) for Using a distance of 6 rather than 5 bohr would lead to very
Ne—BO Complexes with DistanceR in bohr? similar conclusions, except that the deviations from the AlO/
complex R Asx(B) AgB) AsO)  Agip(O) BO values are in general not as large as at 5 bohr.
Values for the dipolar HFCCs at 5 bohr have been collected
Ne(2,0)-BO 4 11146 268 —183  —231 in Table 8. Again, percent deviations from thgp values of
5 10805 275 —-132 217 : . ; :
6  1062.4 274 —118 —214 AlO and BO are given. In the discussion beldiy(Al,B) will
9 10575 274 —113 -21.3 be dealt with first, followed byAqiy(O).
12 1057.3 274 —11.3 —21.3 For Agip(Al,B), one can state the following points: (i) For
Nex(0,4)-BO 4 10785 26.9 01 -203 the Ne-AlIO systems, thé\yiy(Al) values lie between 56.1 and
5 1060.5 275 -86 —21.2 58.4 MHz, all within 2.4% of the AlO value. The AfAIO
6 10584 274 —-110 213 values ofAqip(Al) lie between 49.4 and 57.9 MHz, within 14.1%
Ty v S v of the AlO value. In each case, except for{Rthe deviations
: ’ ) ) from the free AlO value are larger for Ar than for Ne complexes.
Nes(2,4)-BO 4 11557 265  —47 220 For Rg—BO complexesAqip(B) lies between 27.2 and 28.0
g 1822:2 g;g :ﬁ):i :ﬁg MHz, within 2.2% of the BO value of 27.4 MHz. The deviations
9 10574 274 —11.3 -213 from this number are, in general, not larger for Ar than for Ne.
12 1057.3 274 —-113 -21.3 All Ar values are (slightly) lower than corresponding Ne values.
Ne(0,8)-BO 4 11822 28.5 74 —-168 (i) For the Ar—AlO systems, larger deviations 8§,(Al) from
5 1087.1 278 —114 —206 the AIO values can be noticed for systems with axial Ar atoms,
6 1063.1 275 —-116 —21.2 such as Rg Raip, and Rgs. For Ne-AlO and Rg-BO systems,
9 10574 274 -113 213 no systematic differences can be seen between complexes having
12 10573 274 -113 213 axial plus off-axial or off-axial Rg atoms only.
Neio(2,8)-BO g 1290.0 291 —-133 188 The Ne-AlO values forAgip(O) lie between-48.6 and—54.8
6
13 1057.3 274 —113 -21.3 plexes, A4ip(O) lies between—29.2 and—52.9 MHz with a
Nex(0,12)-BO 4 11095 273 11 —203 max.imal deviation of 46.3%. The deviations from the AlO value
5 10634 275 -89 -211 are in all cases larger for Ar than for Ne systems.
6 1059.2 274 —-110 -—213 For the Rg-BO systemsAgip(O) for Ne ranges from-20.6
9 10573 274 —-11.3 213 to —21.7 MHz, within 3.3% of the BO value, and for Ar from
12 10573 274 -113 213 —17.4 to—21.7 MHz, within 18.5% of the BO value. The Ar
New(2,12)-BO 4 1198.7 27.2 -59 -213 values are always lower than the Ne values (except fa),Rg
5 10918 272 -108 214 having larger percent deviations from BO values.
6 1064.9 275 —115 -21.3 : .
9 10575 574 114 —213 For GaO and its Rg complexes, HFCCs have been obtained
12 1057.3 274 —-11.3 -213 only for Rgi» and Rgs systems. They are displayed in Table 9
BO 10573 274 113 213 and will in the following section be used for comparison with

the AIO and BO results.
aB3LYP/6-311G(3d,f) results.

. ) _ _ Di ,
Rg—BO series Aiso(Al,B) is always larger (both in magnitude Iscussion

and in percent deviation from the AIO/BO values) for series It has been shown that changes in HFCCs are much larger
that have axial Rg atoms, like RdQRgi0, and Rgs, than for the for Ar—XO than for Ne-XO systems. When RgAIO at 5 bohr
corresponding series having off-axial Rg atoms only, like,Rg (Table 7) is used as an exampls«(Al) is up to 1.5 times
Rgs, and Rg,. Examples are 948.5 MHz for \e-AlO vs 855.2 larger for Ar than Ne complexes, ami(O) may differ by a
MHz for Neg—AIlO and 1112.6 MHz for Ng—BO vs 1087.1 factor up to 3. Matrix effects for AIO and GaO are much larger
MHz for Neg—BO. than those for BO, which, while still discernible, are quite small,
Observations from Table 7 f@#%s(O) are as follows: (i) For  the largest deviations ofso(B) from that of free BO being
Rg—AIO systems,Aiso(O) is always larger in magnitude for  12.2% (at 5 bohr).
Ne than for Ar. Since thé\so(O) values for Rg-AlO systems In Table 10, experimental HFCCs for AIO in the gas phase,
are smallerthan those for AlO, this corresponds to a smaller as well as in Ne, Ar, and Kr matrixes, as far as available, are
deviation from the AIO values for Ne than for Ar, as one contrasted with our theoretical results for AIO and for the largest
would expect. For Rg—AIO, Aio(O) is 16.3 MHz for Ne and ~ Rg—AIO systems, Rg—AIO and Rg4—AIO. Calculated Ky,—
5.3 MHz for Ar, corresponding to—15.1% vs —72.4% AlO and Kr;4—AlO results have been included in this table. As
deviations from the AlO value. (ii) For RgBO complexes, discussed earlier, the experimental gas-pifag@Al) and Agip-
Aiso(O) for Ne may be larger or smaller in magnitude than (Al) values of AlO lie very close to the calculated ones when
that of Ar; however, in all cases, the percentage deviation of the SVWN functional is used. The experimentaky(Al)
Aiso(O) from that of free BO is larger for Ar than for Ne. In  increases from the gas phase (738.0 MHz) to Ne (766 MHz),
the case of Rg—BO, Aiso(O) for Ne is —13.2 MHz and Ar (899 MHz), and Kr (920 MHz). For the Ne matrix, the
that for Ar is —15.3 MHz, corresponding to deviations of experimentalAiso(Al) corresponds to our Ne value at 5 bohr
16.8% vs 35.4%. (iii)Aiso(O) for AIO and all Rg-AIO and to the Ng results between 6 and 9 bohr. For the Ar matrix,
systems is positive, while it is negative for BO and all the experimental value matches the theoreticab Agsult for
Rg—BO systems. The last point implies that for AIO and-Rg R again at 5 bohr, and the Arresult forR lying between 5
AlO, the s-spin density on O is negative, but it is positive for and 6 bohr. The situation for kyrand Kr4 is very similar. The
BO and its complexes, since the magnetic moment’of is experimental Aiso(Al) for AIO in a Kr matrix matches the
negative. theoretical Ki, value forR between 5 and 6 bohr and the{Kr
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TABLE 7: Isotropic Hyperfine Coupling Constants (MHz) at R = 5 bohr for Rg—AIO and Rg—BO Complexes with Percent
Deviations from the Corresponding AlO and BO Values in Parenthesés

AlO BO
Ne Ar Ne Ar
Aiso(Al) Aiso(O) Aiso(Al) Aiso(O) Aiso(B) Aiso(O) Aiso(B) Aiso(O)

Ra(2,0) 820.4 (10.5) 17.3€9.9) 897.4(20.9) 13.2(31.3) 1080.5(2.2) —13.2(16.8) 1086.2 (2.7) —17.3(53.3)
Ra(0,4) 742.1 (0.0) 17.6¢8.3) 786.3 (5.9) 17.3€9.9) 1060.5(0.3) —8.6(—23.9) 1080.3(2.2) 1.1+90.3)
Rgs(2,4) 848.7 (14.3) 15.718.2) 1047.6 (41.1) 9.053.1) 1085.2(2.6) —10.4 (-8.0) 1123.5 (6.3) —3.7 (=67.3)
Rgs(0,8) 855.2 (15.2) 18.2(5.2) 1214.0 (63.5) 11.1142.2) 1087.1(2.8) —11.4(0.9) 1140.1(7.8) —10.6 (-6.2)
Rgio(2,8) 948.5(27.8) 16.3(15.1) 1474.6(98.6) 5.3(72.4) 1112.6(5.2) —13.2(16.8) 1185.9 (12.2) —15.3(35.4)
Rgi2(0,12) 768.7 (3.5) 16.7113.0) 900.5(21.3) 10.7/44.3) 1063.4(0.6) —8.9(—21.2) 1092.8(3.4) 0.31H97.3)
Rgi4(2,12) 839.4(13.1) 15.9117.2) 1112.3(49.8) 8.953.6) 1091.8(3.3) —10.8(-4.4) 1134.8 (7.3) —4.4 (—61.1)
AIO/BO 742.4 19.2 742.4 19.2 1057.3 —-11.3 1057.3 —-11.3

a SVWN/6-31H-G(3d,f) results for Rg-AlO; B3LYP/6-311+G(3d,f) results for Rg-BO.

TABLE 8: Dipolar Hyperfine Coupling Constants (MHz) at R = 5 bohr for Rg—AIO Complexes (SVWN/6-31#G(3d,f)
Results) and Rg-BO Complexes (B3LYP/6-31#G(3d,f) Results) with Percent Deviations from the AIO and BO Values in

Parentheses
AlO BO
Ne Ar Ne Ar
Adip(Al) Adip(O) Adip(Al) Adip(O) Adip(B) Adip(O) Adip(B) Adip(O)
Rg:(2,0) 56.1 (2.4) —54.8(0.7) 49.4414.1) -52.9(2.8) 275(0.4) —21.7(1.6) 265{3.3) —21.7(1.6)
Rg4(0,4) 58.4(1.6) —521(42) 574(02) —50.1(7.9 275(0.4) —21.2(0.0) 27.3€0.4) —19.5(8.7)
Rs(2,4) 57.0(0.9) -51.9(4.6) 52.8(82) —401(263) 27.6(0.7) —215(0.9) 26.8€2.2) —20.1(5.9)
Rgs(0,8) 58.2(1.2) —48.6(10.7) 54.2(57) —29.2(-46.3) 27.8(15) —20.6(3.3) 275(3.7) —17.4(-18.5)
Rou(2,8) 57.3(0.3) —49.3(9.4) 509¢115) -329(395) 28.0(22) —21.0(1.6) 27.4(0.2) —18.4(-13.8)
Roi(0,12) 57.8(0.5) —51.1(-6.1) 57.9(0.7) —39.1(-28.1) 275(04) —21.1(0.9) 27.4(0.00 —19.4(-8.9)
Rou(2,12) 56.9¢1.0) —51.9(4.6) 524(89) —388(287) 27.2¢(0.7) —-214(23) 26.8¢2.0) -19.5(8.7)
AIO/BO 57.5 —54.4 57.5 —54.4 27.4 —21.3 27.4 —21.3

TABLE 9: Hyperfine Coupling Constants (MHz) for
Ne—GaO and Ar—GaO Complexes with DistanceR in bohr2

TABLE 10: Comparison of Experimental and Theoretical
Values for Aiso and Agj, (MHz) of AlO in Gas Phase and in
Rare-Gas Matrixes with DistancesR in bohr

complex R Aso(Ga) Adip(Ga) Aiso(o) Adip(O)
Ne»(0,12-GaO 4 1860.1  136.2 13.8 -585 R AdA)  Aup(Al)  As(O)  Agip(O)
5 1504.1 128.2 195 —70.0 gas expt 738.0 56.4
6 1459.9 1271 207 —72.6 gas theor 742.4 57.5 19.2 —54.4
9 15106  126.6 212 —73.0
Ne exp? 766(2)  53.0(7) 2 —50
12 15099 1266 211 731 Netheor 4 8184 618 116 —447
New(2,12-GaO 4 2380.2 1275 129 —61.1 5 768.7 57.8 16,7  —51.1
5 16937  127.1 18.8 —705 6 756.4 57.2 18.4  —53.6
6 15033  126.7 205 —72.6 Nestheor 5 839.4 56.9 159 —51.9
9 14554  127.4 207 -73.3 6 786.1 56.9 17.9  —53.3
12 14580 1275 20.6 —73.4 9 748.7 57.5 18.7  —54.5
Ar0,12-GaO 4 3664.6 1340 —055 —19.4 Ar expt 899(3)  54(1)
5 19101 1288 13.8 —56.3 Arptheor 4 1619.4 56.1 029 -11.1
6 15102  127.0 19.3 —69.3 5 900.5 57.9 107  —39.1
9 14071  127.8 20.6 —74.0 6 780.3 57.0 16.8  —49.8
12 1399.3  128.2 205 —74.1 Argtheor 5 1112.3 52.4 89 —388
6 862.5 55.6 152  —49.4
Aru(2,12-GaO 4 40415 88.5 1.6 —17.7
5 24263 1192 124 -56.0 9 74T 512 192 -538
6 17485  123.8 185 —68.0 Kr expt 920(3)  51(1)
9 13866  127.8 20.4 —74.0 Kriotheor 4  1803.3 46.5 -33 -38
12 13888  128.3 20.4 —74.2 5  1028.1 56.0 71  —30.4
6 829.8 56.1 153  —455
Gao 1466.3 1274 208 —732 Kristheor 5  1250.5 47.2 57 —29.2
2 SVWN/6-31H-G(3d,f) results. 6 938.5 53.4 12.9  —446
9 767.7 56.8 19.0 —53.3

result for R slightly beyond 6 bohr. (It has been mentioned value. For the Ar matrix the experimental number lies about 4
earlier that maximal deviations of tlgetensor componeng MHz below the A, value at 5 bohr and corresponds to the
from that of AlO occur at distances of 5 bohr for Ne and about Ary, value between 5 and 6 bohr. At a given distance, such as
6 bohr for Ar when the largest models are used.) 5 bohr,Agip(Al) for Ar 1,—AlO is lower thanAgi,(Al) for Nejs—
ExperimentalAqip(Al)’'s do not show any systematic trend AlO. For Kr, the experimental value of 51 MHz can be
when they move from Ne to Kr matrixes. They increase from associated with the Kg numbers forR slightly below 5 bohr
Ne to Ar but decrease from Ar to Kr. Because all three values and the Kis numbers folR between 5 and 6 bohr. Experimental
are similar, it implies that matrix effects do not influenig,- numbers forAs, andAg;p of O are available only for AIO in Ne
(Al) to any significant extent. The theoretical number foriNe  matrix. Aso(O) of 2 MHz lies much below any of the calculated
and Neg4 at 5 bohr is 45 MHz higher than the experimental  values, whereas the experimerfgh(O) of =50 MHz is 1 MHz
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below the 5 bohr value of the Necomplex. From the Ap TABLE 11: Percent Spin Densities (SD) for Rg4,—XO (X =
data of Table 10, an Ar matrix value fé;,(O) of about—38 B, Al, Ga) at 5 bohr Calculated from Hyperfine Coupling
MHz is predicted Constants Given in Tables 3-6 and 9 with Percent Deviation
: ) (in Parentheses) ofAs, and Apj, from Free XO Values?
For BO, experimental HFCCs measured in the gas phase SDIX SDIX SD(O SD(O
differ little from those in Ne matrix. This is in agreement with SA. ()(()) pAd_ ()(()) SA‘ ((())) p';w_ ((()))
our calculated values, whefgy(B) for Nej, at 5 bohr lies only e i ~ i

i , ey BO [u = 2.44 D] 41.5 43.1 0.2 12.6
6 MHz higher than that of free BO andiy(B) is virtually NowBO 429 428 0.2 127
unchanged. The observed HFCCs'f®, however, do notagree o, "jviation (3.3) £0.7) Ca.4) (0.5)
with the calculated ones. Both in the gas phase and in Ne matrix, ar,,—BO 44.6 421 0.1 116
we obtain—9 to —11 MHz for Aisg(O) and—21 MHz for Agjp- % deviation (7.3) £2.0) (-61.1) (8.7
(O), compared to observed values ofl9 and —12 MHz, AO[u=4.30D] 19.0 69.4 —04 323
respectively. The ZORA results obtained by Belanzoni étal.  Ne,—AIO 215 68.5 -0.3 30.8
are similar to ours. Earlier Cl results, reported in ref 12, % deviation (13.1) €1.0) (-17.2) (4.6)
however, findAis(O) to be—20 MHz, andAgi(O) to be—16 'O“HFNO_ 28.4 63.1 —0.2 23.0
MHz, in much better agreement with the experimental numbers, 2 deviation (49.8)  £89)  (-53.6) (728.7)
R X ~ > Kry—AlO 32.0 56.8 -0.1 17.3
Our calculations indicate that HFCCs for BO in an Ar matrix o4 deviation (68.4) £18.2) (-70.3) (-46.3)
do not differ much from those _in an Ne matrix. UsingiRg GaO | =389D] 120 625 04 435
BO values at 5 bohr, we prediéis(B) to be about 30 MHz Nep,—GaO 13.9 62.4 —0.4 41.9
higher in Ar than in Ne, wherea&i,(B) is about the same. % deviation (15.5) €0.2) (-9.6) =3.7)
In Table 1,Ais(Ga) for GaO in Ne matrix is given as 1483  Aru—GaO 19.9 58.5 —0.2 33.3
% deviation (65.5) {6.4) (—40.4) (+23.5)

MHz. Since no gas-phase value is available, we can estimate it
by comparing the experimental Ne-matrix number with that 2 Dipole momentsy, of XO are given in the table. Calculated static
calculated for Ne—GaO at 5 bohr, which is 1504 MHz (Table polarizabilities (bohi) along the %-O axis are 19.4 for BO, 55.3 for
9). A difference of about 20 MHz applied to the calculated gas- AlO. and 48.7 for Gao.

phase value of 1466 MHz predicts an “experimental” gas-phase
value of about 1445 MHz. The “experimentass(Ga) in an

Ar matrix is then estimated to be about 1890 MHz, arrived at
by deducting 20 MHz from the value calculated fornArGaO

at 5 bohr, which is 1910 MHz. When again calculated values
for Ne;,—GaO at 5 bohr are usedyip(Ga) is 128.2 MHz, in
good agreement with the experimental value of 127 MHz. It is
seen thatg, values do not change much with distance. For
Aiso(O) of GaO in Ne matrix, 19.5 MHz is calculated, but 8

MHz is observed. The agreement is betterAgp(O) with —70 and —0.4% for AIO and GaO. For AIO and GaO, as well as

MHz preghcted ver.sus—77 MHzZ observed. their Rg—XO systems, the sign dfiso(O) is positive, opposite
Hyperfine coupling constants can be related to the neutral g that of the O atom, indicating that tjfes-spin density exceeds
and ionic structures+lil of the XO radicals, | being X(3*) the a-s-spin density. Due to the smallness of the spin density
+ O(sp?), Il being X*(s) + O~(s%°), and Ill being X*(s) + on O, such reversal in sign may be caused by numerical

0?27 (s?%. Looking at the atomic open shell8iso(X) is then inaccuracies. For BO and R®O complexes,Ax(O) is
due mainly to the doubly ionized structure Ill, which has an negative, as it is for the free atom. For all systems, the s-SD on
open-shell s orbital on X, anlip(X) to the neutral structure | o j5 extremely small and does not change much in the process
with an open p-shell on X. Because there is no open s-shell for o complex formation. On the other hand, the p-SD on O, being
the oxygen atom in any of the three structures, a near-zero s-spingp 30, for free AlO, gets smaller as XO is embedded in rare
density on O is predicted, consistent with our findinggs(O) gas atoms, indicating that oxygen loses p-spin density as
is due mainly to the singly ionized structure Il, which has an complexes are formed.
open p-shell on O. From such observations, the following picture emerges:
According to Weltnet? free atomAis;'s for assumed 100%  When XO radicals are surrounded by rare gas atoms, spin
s-spin density (s-SD) are (in MHz) 3911 f&Al, 2547 for 1B, density gets transferred from p-orbitals, located both on X and
12210 for®Ga, and—5263 for’O. Corresponding\si,’s for O, to s-orbitals located on X. In terms of structuresll|
100% p-spin density (p-SD) are 83.1, 63.6, 203.8, al68.4 introduced above, structure I, having doubly charged ions,
MHz. With these data, s and p spin densities have beengains at the expense of the neutral and singly ionic structures |
calculated by the so-called free atom comparison métfad  and I1. In this picture, rare gas atoms cause further ionization
the Rg-BO, Rg—AIO, and Rg-GaO complexes. We realize that of XO, from X+tO~ to X2+ O2~.
the reference numbers apply to neutral atoms, whereas charged One may relate the strength of the matrix effect on the various
species are present in the radicals considered here, as outlineXO radicals to their electric properties such as dipole moment
on several occasions. However, for qualitative purposes and notand static polarizability. Dipole moments for BO, AlO, and GaO
knowing the exact amount of contributions from ionic structures, have been calculated by B3LYP/6-3&G(2d,f). This basis set,
spin density calculations based on hyperfine coupling constantsrather than 6-31:4G(3d,f), was chosen in paper | to obtain a
for the neutral atoms should be sufficient. dipole moment for AlO that is close to that obtained by the
In Table 11, spin densities calculated by the free atom best available ab initio calculations (4.30 vs 4.242D§tatic
comparison method are given for the free radicals and for the polarizabilities were obtained with B3LYP/6-316G(3d,f).
radicals in their Ngy and A4 complexes at 5 bohr. It is seen  Dipole moments and polarizabilities are listed in Table 11. The
that the s-SD on X of free XO decreases as one goes from Bdipole moment for GaO, 3.89 D, is slightly smaller than that of
(41.5%) to Al (19.0%) to Ga (12.0%). The s-SD on X is larger AIO. BO has a much smaller dipole moment of 2.44 D.

in Ne— and Ar—XO complexes than in free XO, indicating that
X gains s-spin density. This is in contrast to the p-spin density
on X, which is smaller in the complexes than in XO, pointing
to a loss of p-spin density on X as XO gets immersed in Ne or
Ar atoms. The changes for BO complexes are much smaller
than those for AIO or GaO systems. The highest spin densities
for Rg—GaO are slightly smaller than those for R8O
complexes.

The s-spin density on oxygen is very small, 0.2% for BO
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Polarizabilities are largest along the XO axis, as one expectsTABLE 12: Summary of Experimental and Calculated
due to the SOMO beingp, with values (in bol#) of 19.4 for Hyperfine Coupling Constants (MHz) for BO, AIO, and
BO, 55.3 for AIO, and 48.7 for GaO. Similar to dipole moments, 20 in the Gas Phase and in Rare Gas Matrixes

AlO has the highest polarizability, closely followed by GaO, system method  Aso(X)  Adgp(X)  AsO)  Aain(O)

with the value for BO being less than one-half that of AIO and  BO, gas expt 1027.4 27.1
GaO. According to such results, GaO should experience a matrix calcd 1057.3 274 —11.3 —21.3
effect similar or slightly below that of AlO. Deviations from BO—Ne expt 1033 25 —19 —12
free XO HFCCs, displayed in Table 11, essentially confirm such calcd 1063.4 275 -89 211
. . BO—Ar calcd 1063 27.4 0.3 —19.4
trend. With the Ags complex at 5 bohr used as example, its
Aso(X) differs by 7.3%, 49.8%, and 65.5% from the free BO, AlO.gas eﬁpt 738.0 56.4
AlO, and GaO values, respectivelfiip(X) for this complex AIO—Ne Z?(Std ;gé'ﬂ' g;:g 12'2 :23'4
differs by —2.0%, —8.9%, and—6.4% from the respective free calcd 768.7 57.8 16.7 —51.1
XO values. An exception is noticed f8s(O), but as mentioned AlO—Ar expt 899 54
on several occasions, due to the extremly small s-spin density calcd 900.5 57.9 10.7 —-3&
on O, the calculatedyss(O) are not considered to be reliable. ~ AIO—Kr expt 920 51
The deviations foAgip(O) are—8.7%, —28.7%, and—23.5% caled 930 56 11 —37
for BO, A|O, and GaO’ respective|y_ Gao, gas calcd 1445 127.4 20.8 —73.2
GaO-Ne expt 1483 127 8 =77
calcd 1504.1 128.2 195 -70.7
Summary and Conclusion GaO-Ar calcd 1890 128.8 13.8 —56.3

Hyperfine coupling constants have been calculated for the gVaIuels hﬁ"ﬁv\l;’eerl‘amc’d'f'edé seed%sgu?i’cﬁstlmated from ki
radicals BO, AlO, and GaO (XO) surrounded by up to 14 Ne results haltway between 5 and 6 bohr.
or Ar atoms. For AlO, Kr atoms were also included. Strong matrix value of 1890 MHz is predicted\ip(Ga) is not found
matrix effects on HFCCs were found for AIO and GaO and t0 change appreciably when going from gas phase to an Ar-
weaker ones for BO. Argon complexes always showed larger matrix.
changes in HFCCs than Ne complexes. In the models used for In Table 12, calculated hyperfine data for all three radicals
the complexes, rare gas atoms were placed in one to three ringdn gas phase and in Ne and Ar matrixes are summarized and
of four Rg atoms each around the XO axis. Up to two axial Rg contrasted to the experimental findings. The calculated numbers
atoms, located on either side of XO, were included. The distancecorrespond mainly to the results for Bgnodels at 5 bohr.
of the axial Rg atoms from the X and O atoms and of the ring Several of the calculated values were adjusted based on
atoms from the axis was varied from 4 to 12 bohr. At the shortest €xperimental results, as outlined in the Discussion.
distance, matrix effects are usually the strongest, as one would Some ideas about the role of orientation of the radical in the
expect, whereas they have mostly disappeared at a distance offatrix can be gathered by comparing results obtained for
12 bohr. Most noticeable are matrix effects for the isotropic complexes with and without axial Rg atoms, having otherwise

AsoAl) and Aiss(Ga), which increase in the presence of Rg the same number of ring atoms. In all cases studied, the addition
atoms. of axial Rg atoms increases the matrix effect Agy(X). For

Rg—AIO at distances of 5 bohAiso(Al) increases by about 100
MHz for Ne complexes and 200 MHz for Ar complexes. For
the Rg-GaO systems investigated, the increase is about 200
MHz for Ne and 500 MHz for Ar systems. The reason for the
increase iMso(X) as axial Rg atoms are added to off-axial ones
can be related to the parallel component of the polarizability of
XO being larger than the perpendicular one.

For all three radicals studied here, the presence of rare gas
theoretical Agp(Al)'s change little when AIO is placed in a atoms causes the s-spir_1 density on the metal atom to increase
matrix environment. at the expense of p-spin density on both the metal and the

. . e oxygen atom. The s-spin density on O is and remains near zero.
. Relatively strong matrix effects fd*'s?(. O] of AlO, as fou_nql Since the total spin density has to remain constant, an increase
in-our calcul_atlons, 'cannot. be ver|f|ed. .due to |r]suff|c|ent in the s-spin density has always to be compensated by a decrease
experimental information available. In additio®s,(’O) is very in the p-spin density, and vice versa, and overall increases/
small, corresponding to an s-spin density of less than 1%, anddecreases iMeo must’ be accompanied by overall decreases/
calculated changes due to the interaction with rare gas atoms;, reases iqp. To generalize to other radicals, in addition to
may not be re_liable. Fokaip(O) an experimental Ne-matrix value s<> p spin deﬁsity conversion, matrix effects rr’1ay also shift s
of —50 MHz is f”atChed closely by thg N_:emodel at 5 bohr. or p (or d) spin density from one atom to another, in which
For the Ar-matrix,Aqp(O) of —38 MHz is predicted. case increases iso/Agip ON one atom need to be compensated

The observed weak Ne-matrix effect for BO is well reflected by decreases on other atoms. The easier it is to convert s to p
in our calculations, wit a 6 MHz increase i\so(B) observed  or p to s spin density or to shift spin densities among atoms,
and calculated when BO in gas phase is taken to a Ne matrix.the larger the matrix effect will be. Radical molecules with large
Another 30 MHz increase ifiso(B) is predicted when it goes  dipole moments and polarizabilies are more likely to undergo
from Ne to Ar matrixes. However, there is no agreement such changes. In addition, spin density can also be moved to

ExperimentalAiso's, available for AlO in Ne, Ar, and Kr
matrixes, are close to values calculated with the largest models
having 12 and 14 Rg atoms at distances -e63o0hr. The best
fit for Aiso(Al) is obtained for the Rg complex at 5 bohr with
769 MHz for Ne and 900 MHz for Ar, compared with
experimental values of 766 and 899 MHz, respectively. The
experimental Kr matrix value correspondsfg,(Al) calculated
for the Kr, complex at 56 bohr. Both experimental and

between observed and calculatigh(O) andAqi(O) for BO in the rare gas atoms. Calculations show that at small distances

Ne matrix. very small amounts of s- and p-SD (less than 2%) get transferred
For GaO, experimental HFCCs are known only for Ne matrix to rare gas atoms.

with As(Ga) = 1483 MHz andAgjp(Ga) = 127 MHz. Based It is therefore generally true, as pointed out by Welter,

on the calculations, a gas-phase value of 1445 MHz and an Ar-that HFCCs may increase or decrease in a matrix environment.
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In the case of XO radicals studied hefgy(X) increases, while (8) Knight, L. B.; Kirk, T. J.; Herlong, J.; Kaup, J. @. Chem. Phys
Adip(X) and Agip(O) decrease. However, for other radicag, 1997 107, 7011. . .

. - (9) Tanimoto, M.; Saita, S.; Hirota, B. Chem. Physl986 84, 1210.
may not increase. It was ob§erv@chnd confirmed by calcula- (10) Knight, L. B.. Easley, W. C.: Weltner, WL. Chem. Phys1971,
tions2° that Ais((Mg) of Mg™ ions decreases as one goes from s4, 1610.

a Ne to an Ar matrix. Also, in examples cited by Ammeter and  (11) Knight, L. B.; Wise, M. B.; Davidson, E. R.; McMurchie, L. E.
Schlosnaglé? the magnitude ofAs, for Al or Ga atoms is ~ Chem. Phys1982 76, 126.

- : - (12) Knight, L. B.; Herlong, J.; Kirk, T. J.; Arrington, C. Al. Chem.
smaller in Ar than in Ne matrixes. Phys 1992 96, 5604,

) In paper I, we no_ticed that in the presence of rare gasgs, (13) Weltner, W.Magnetic Atoms and MoleculeBover: New York,
increases in magnitude, caused by an increagkliand (50 1983.

and a decrease iAE, where the matrix element&Jand (5O (14) Davidson, E. Rint. J. Quantum Cheni998 69, 241.

are taken between the ground state and low-lying excited statesilglizzﬁe'anzon" P.;van Lenthe, E.; Baerends B. Chem. Phy2001,

AE being the energy difference between these states. Due t0 (16) Engels, B.: Eriksson, L. A.; Lunell, 8dv. Quantum Chen.996

strong contributions ta\gy of AlO from at least two excited 27, 297.

states with opposite signs, the reasons for matrix effectsgen (127) Yoshimine, M.; McLean, A. D.; Liu, BJ. Chem. Physl973 58,
ppes ; 4412,

of AI? are more difficult to formulate than those for hyperfine (18) Knight, L. B.: Ligon, A.; Woodward, R. W.: Feller, D.: Davidson,

coupling constants. S E. R.J. Am. Chem. Sod985 107, 2857.

It is recognized that the models used here for mimicking rare  (19) Kiljunen, T.; Eloranta, J.; Ahokas, J.; Kuntfu, B. Chem. Phys
gas effects on XO molecules are fairly rigid with the distances 2001, 114, 7144.
of all Rg atoms being varied in unison. A more flexible model, ~ (20) Eriksson, L. AJ. Chem. Phys1993 103 1050.

allowing for the variation of distances individually, as well as 23é2}1)22':f”k550”’ L. A; Wang, J; Boyd, R. Ehem. Phys. Let1995

the inclusion Of. a larger .nu.ml:?er of Rg atoms, is d?Sirable- (22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
However, despite such limitations, the results obtained for M. A.; Cheeseman, J. R.; Montgomery, J. A, Jr.; Vreven, T.; Kudin, K.
HFCCs are reasonable and reflect, to the extent that one car(¥-: Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

. — ennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
compare, the experimental findings. Based on these models aatsuji, H.; Hada, M.: Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.:

HFCCs for XO molecules in gas phase and in rare gas matrixesishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
not available experimentally can be estimated and eventually X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
ut to the test Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
P : Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
) Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
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