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Laser-ablated titanium, zirconium, and hafnium atoms react with discharged sulfur vapor during co-condensation
in excess argon. The primary reaction product,M®lecules are identified for the first time, and evidence

for metal monosulfides is also presented. Thandv; modes for Tig, ZrS,, and HfS absorb at 533.5 and

577.8 cmt, 502.9 and 504.6 cm, and 492.2 and 483.2 crh respectively, in solid argon. On the basis of

the isotopic frequencies for the modes, the bond angles of TiZrS;, and HfS are determined as 118

4°, 107 & 4°, and 1084 4°. DFT/B3LYP calculations prediciA; ground states and bond angles of 123.3
108.58, and 109.5, for the MS molecules, M= Ti, Zr, and Hf, respectively, and frequencies in excellent
agreement with the observed values. The same calculation also pfadgnsund states for TiS and ZrS, the

3+ ground state for HfS, and frequencies in agreement with the observed values.

I. Introduction II. Experimental and Computational Methods

Transition metal sulfur compounds are important for both
biochemical and industrial catalysi8.Solid transition metal
sulfides have been used as hydrodesulfurization catalyats.
addition, titanium sulfide complexes have been employed for
dihydrogen activatiod. Transition metal sulfides are also
involved in other areas of research, for example, in astrophysics,
as lines of TiS and ZrS have been found in the spectra of S-type
stars? and in synthetic chemistry as novel binary titanium(lV)
sulfides have been prepargd.

Emission spectra for all three metal monosulfides in the gas
phase have been observed. First TiS was reported by Clement
and Barrow and later by two different grougsl? and the
ground state was determined &s. Since the first laboratory
study on ZrSi! both the singlet and triplet spectra have been
investigated in detdit14 along with spectroscopic studies on
HfS.1516 Both ZrS and HfS reportedly possess #g ground
states, and a microwave spectroscopic study reinforcettthe
ground state for Zr$’ In addition, the transient frequency

modulation absorption spectrum of TiS was repoffednd , - . . . . .
permanent electric dipole moments of TiS and ZrS were isolation has been described in detail preV|oG§|§RBrlgfly,
determined using the Stark measureméht&n earlier argon the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate

matrix study reacting transition metal atoms and OCS reported With 10 ns pulse width, 35 mJ/pulse) was focused to ablate

the vibration of TiS2 Theoretical calculations predicted the the rotating titanium (Goodfellow Metals, 99.6%), zirconium,
ground state for Tig! and the'=* ground state for zrS, but ~ ©' hafnium (Johnson-Matthey) metal target. Laser-ablated metal

the 3A state is only 209 cmi higher?? Finally, cationic metal ~ 210ms were co-deposited with a sulfur-doped spray-on argon

sulfides have been studied by two different groups using massSiréam o a 7 K Csicryogenic window at 24 mmol/h for
spectroscopic techniqués?4 0.5-1.5 h. Infrared spectra were recorded at 0.5 €rasolution

To our knowledge, neither experimental nor theoretical studies ©" & Nicolet 550 spectrometer with 0.1 chaccural(c}y usin_g a
have been performed for the metal disulfide molecules. In light Mercury cadmium telluride detector down to 400 ¢nMatrix

of detailed studies of the diatomic metal oxides and sulfides, Samples were annealed at different temperatures, and selected
it will be interesting to compare the group 4 dioxide and samples were subjected to |rr§1d|at|on using a medium-pressure
disulfide molecular properties. We report here a combined Mercury lamp £ > 240 nm) with the globe removed.

matrix IR and density functional theory (DFT) investigations ~ DFT calculations were performed on all proposed metal

of group 4 sulfides and show that agreement between the twosulfides using the GAUSSIAN 98 progrédfrand the B3LYP!
is excellent, which underscores the predictive power of DFT functional. Additional calculations with the BPW&functional

Sulfur atoms and small molecules were generated by a
microwave discharge in argon seeded with sulfur vapor. The
coaxial quartz discharge tube is similar to the one used in the
earlier experiment& Natural isotopic sulfur (Electronic Space
Products, Inc., recrystallized) and enriched sulfur (98%,
EG&G Mound Applied Technologies) were used as received:
different mixtures of the two isotopic samples were also
employed. The vapor pressure of sulfur located in the sidearm
was controlled by the resistively heated windings. The micro-
wave discharge was sustained in the argsmifur mixture by
AN Opthos Instruments 120 W microwave discharge (operated
at 30-50% of the maximum power level) with a Evenson-
Broida cavity and extended from a region about 5 cm down-
stream of the sulfur reservoir to the end of the discharge tube.
The presence of significant quantities of i the discharge
was indicated by the sky-blue emissi®’ which is different
from the normal pink argon discharge.

The experimental method for laser ablation and matrix

frequency and structure calculations. or second-order MglletPlesset (MP2) methdd were per-
formed on ZrS. The 6-3HG* basis set was used for sulfur
* Author to whom correspondence should be addressed. and titanium3* and the LanL2DZ effective core potential and
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TABLE 1: Infrared Absorptions (cm ~1) from Codeposition

of Laser-Ablated Ti, Zr, and Hf Atoms with Discharged TiSz (v3)] TiSz (vs)
Sulfur in Excess Argon site A | site B TiSs (vi) [ TiS: (v1)

2s g 325 4 33 R(32/34) identity ol sted | gfteB ©

Titanium
583.8 575.2 1.0150 45TiS, site A, v3
580.6 571.9 1.0152 “TTiS; site A, 3 S s @
577.8 569.1 577.8,574.0,569.1 1.01534€TiS; site A, v3 _§
571.4 562.6 571.4,567.6,562.6 1.0156 *TiS; site B, v3 2 ©
566.0 557.1 1.0160 S5OTiS; site B, v3 < o
557.6 547.6 1.0183 TiS? ’
539.2 529.7 1.0179 1% 1 ®
533.5 522.8 1.0205 “8TiS; site A, vy ATiS, o
528.3 517.8 528.3,5227,517.9  1.0203*TiS;site B, o1 M
Zirconium - @
518.1 506.8 518.1,506.8 1.0221 ZrS 600 580 560 540 520 500
504.6 4945 504.6,503.8,494.5 1.0204997rS,, v Wavenumbers (cm™)
92
2029 492.8 1.0205 9 2152 va Figure 1. Infrared spectra in the 66600 cnt? region for laser-ablated
502.9 491.0 502.9,492.7,491.0 1.0242°ZrS,, v¢ . . . . ) .
501.3 UZ[S, g Ti co-deposited with discharged S in argon at 7 K. (a) sample deposited
' . ' for 50 min, (b) after 25 K annealing, (c) aftér> 240 nm irradiation,

5203 5071 5203 sorgfn'um L0260 HiS (d) after 35 K annealing, () after 40 K annealing.
497.2 484.6 497.2,484.6 1.0260 )(8fS

492.2 479.2 492.2,488.9,479.2 1.0271  Hfg
483.2 471.6 483.2,474.2,471.7 1.0246  Hig

471.1 458.1 471.1,464.8,458.1 1.0284 ,)k8S 04'MW

TiS; (v3)

TixS
basis set was employed for zirconium and hafriusmce these ° L ©
. g Q

standard basis sets worked well for recent group 5 transition § 03 @
metal sulfide calculation®. 5 ] — _
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Ill. Results

. . . b)
Infrared Spectra. Figures 6 show selected regions in the 0.1 ¢

infrared spectra of samples produced by reactions between laser- ()

ablated Ti, Zr, or Hf atoms and discharged isotopic sulfur/argon
mixtures. The metal related infrared absorptions are listed in
Table_l, along with their prc_)posed aSS|gnmer_1tS. .ComplememaryFigure 2. Infrared spectra in the 66600 cn* region for laser-ablated
experiments were done with laser-ablated titanium and an Ar/ ; co-deposited with discharged S in argon at 7 K. (a%8), (c, d)
OCS sample. The behaviors of product bands in different s« (e, f) 50/50°2S + 3S mixture. Spectra (a, c, €) are collected after
experiments and their assignments will be discussed in the nextsample deposition, and spectra (b, d, f) after 25 K annealing.
section. Besides these listed product bands, common absorptions _ _

observed in all three metal experiments inclugai$79.8 and IV. Discussion

600 580 560 540 520 500
Wavenumbers (cm™)

676.0 cmt, S, at 661.7 and 642.4 cm, CS; at 1528.0 cm, Group 4 transition metal sulfide infrared spectra will be

and weak 0 at 1157.1 cm’. These bands have been reported assigned in turn.

earlier?> and will not be discussed in this paper. MS, (M = Ti, Zr, Hf). TiS. The reaction between laser-
DFT Calculations. The ground-state configurations of S, Ti, ~ ablated Ti atoms and sulfur produced two strong absorptions at

Zr, and Hf atoms were reproduced as [NéRg$, [Ar]3d?4<, 571.4 and 577.8 cnt on deposition (Figure 1a). These two

[Kr]4d?5¢, and [Xe]4f95P6¢, respectively. The calculations  bands showed little change on subsequent annealing and

on S and S found ground states 8Ey~ and'Ay, respectively. ultraviolet irradiation. In thé*S-substituted sample, counterparts

The S-S bond length in the Smolecule is predicted as 1.927 were observed at 562.6 and 569.1 ¢mwith 32SP4S isotopic

A, whereas in the Smolecule, the SS bond length is computed  frequency ratios of 1.0156 and 1.0153. In the mi%e&i+ 34S

as 1.952 A, and the bond angle as 118Ror comparison,  experiments (Figure 2e,f), both bands clearly split into triplets
valance angle calculations from four pairs of symmetrical with intermediate bands at 567.6 and 574.0 ¢mespectively.
isotopicvs values gave 116 2° for S3.2° Calculations for metal ~ The triplet splitting pattern demonstrates that two equivalent
sulfides were performed on different spin states, with different sulfur atoms are involved in this vibrational mode, and these
starting geometries. We switched occupied and virtual orbitals two bands are assigned to the antisymmetrid5-S stretching

to confirm that the state under consideration was in fact the mode in the Tig molecule at two different argon matrix sites
ground state. Analytical second-derivatives were used to obtain(labeled as site A, site B in Figure 1). The involvement of only
the harmonic frequencies. For both TiS and ZrS, the ground one Ti atom in this molecule is confirmed by the metal isotopic
states aréA (61c%), whereas HfS has the ground state'®f splitting pattern, where the relative absorption intensities for
(0?). These results agree with previous observations except forthese bands are in accord with the natural-abundance pattern
ZrS'" where the reported ground staté3s. This discrepancy ~ for a single titanium atord’ The lighter 46TiS, and 47TiS;

will be addressed in the next section. For metal disulfides, the isotopic molecules were observed for fi§€iS, site A and the
ground states ar¥A; in Cy, symmetry. The results of group 4  heavierP°TiS, molecule for site B. The corresponding symmetric
sulfide calculations are summarized in Tables 2, 3, and 4. S—Ti—S stretching mode for the TiSnolecule was observed
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Figure 3. Infrared spectra in the 538470 cn1? region for laser-ablated Figure 4. Infrared spectra in the 53270 cn1? region for laser-ablated
Zr co-deposited with discharged S in argon at 7 K. (a, 528) (d, e, Zr co-deposited with discharged S in argon at 7 K. (a, b, c) 5585
f) 34S. Spectra (a, d) are collected after sample deposition, (b, e) after+ %S, (d, e, f) 35/65°S + 34S. Spectra (a, d) are collected after sample
35 K annealing, (c, f) after 40 K annealing. deposition, (b, e) after 35 K annealing, (c, f) after 40 K annealing.

at 528.3 and 533.5 cm again in two matrix sites. In the mixed = Thewv; absorptions for other zirconium isotopes are even weaker,
825 + 343 experiment, the 528.3 crhband is splitinto a triplet  and also covered by other absorptions, and hence they are not
absorption, which confirms the involvement of two equivalent identified. Two different32S + 34S mixtures were employed
sulfur atoms in this vibrational mode. Hence, we have identified for the zirconium reactions. Using a 55/45 mixture3&6 +
TiS;, and the observation of two FiS stretching modes shows  34S (Figure 4a-c), a new band at 503.8 cthwas observed in
that TiS is a bent molecule. addition to the six pure isotopic bands. The relative intensities
The S-Ti—S valence angle can be computed using atomic for these six bands, however, are very different than the pure
masses and pairs of Ti and S isotopidrequencies assuming  isotopic experiment. In the 35/6%S + 34S mixture (Figure
the force constant is isotopically invariant so that it cané®t8. 4d—f), all seven bands were again observed but with different
The upper and lower limits for the-STi—S bond angle are  relative intensities. The 503.8 cthband is assigned to the Zr
calculated as 114 2° and 111+ 2°, respectively. 325 vibration in the32S—Zr—34S molecule, and the 23S
ZrS. In the reaction between Zr and sulfur, the primary vibration in the same molecule absorbs at 492.7¢epincident
absorption feature after deposition was a three-band-set at 504.6with the antisymmetric3S—92Zr—34S stretching. Usingvs
502.9, and 501.3 cnt (Figure 3a-c). This band-set showed frequencies for th€%Zr32S, and®Zr3S, isotopic pairs (and for
littte change on irradiation and sharpened on annealing to 35 °2Zr) the upper limit for the SZr—S bond angle is calculated
and 40 K. Since the 40 K annealing (Figure 3c) provided the as 111+ 2° and usingvs frequencies for thé®Zr32S, and
sharpest band profiles, the relative band height was measured?Zr32S, isotopic pairs (likewise for**S) the lower limit is
then as 2.8:1.6:1. In thé*’S experiment, a better-resolved, determined as 103 2°.
corresponding three-band set was observed at 494.5, 492.8, and To support further our spectroscopic assignment, a computer
491.0 cnm?, with a slightly different relative height of 2.9:1:  simulation was performed for the infrared spectra of the,ZrS
1.3 (Figure 3¢-f). Zirconium has five natural isotopes: 51.45%, stretching vibrations. The-&Zr—S bond angle was fixed at 107
11.27%, 17.17%, 17.33%, and 2.78% for mas®0, 91, 92, (the median of the experimental upper and lower limits), and
94, and 96, respectiveRf.The three-band-set observed in both the high-frequency approximation, which assumes no interaction
325 and3‘S experiments are likely due to the isotopic splitting betweerv; andv; (bending) modes, was used. Figure 7a shows
for a single Zr atom where the three most abundant isotopes,the v3 spectra of both ZfS, and Ze£*S, for all zirconium
90zr, 92Zr, and %Zr, have the relative abundance of ap- isotopes, and in Figure 7b, thr¢ spectra of the same molecules
proximately 3:1:1. Consequently, another absorption feature are added to (a) with the assumption thais only one tenth
probably coincides at 502.9 crhin the32S sample and at 491.0  as strong a%s. Figure 7b simulates the experimental infrared
cm~1in the ®4S spectrum and skews the isotopic pattern of Zr. spectra in Figure 3. Two mixedS + 24S spectra with different
In the 34S experiment, the bands were better resolved, and theisotopic population ratios are plotted as Figure 7c and d,
917r band was almost resolved with appropriate relative absorp- respectively, and each simulated the corresponding experimental
tion intensities (Figure 3df). The 32SPA4S isotopic frequency  infrared spectra in Figure 4. Overall, the simulated spectra match
ratios for these three bands are 1.0204, 1.0205, and 1.0210the experimental observations very well, and support the
respectively. The last ratio is different than the first two values, experimental assignments.
probably because the band center of #& counterpart was HfS,. Similar to the Ti$ and Zr$ molecules, the HfgS
shifted due to the coincidence with another absorption feature. molecule was identified. In thé?S experiment, a strong
These frequency ratios are considerably lower than the harmonicabsorption at 483.2 cm and a weaker absorption at 492.2¢m
ratio for the diatomic ZrS molecule of 1.0224. For the coincident tracked with each other throughout annealing and irradiation
feature, the®?SAS isotopic frequency ratio is 502.9/491=0 with relative absorption intensities of 10:1 (Figure 5). In the
1.0242, which is higher than the diatomic frequency ratio. ‘S experiment, these bands shifted to 471.6 and 4792 cm
Similar to the Ti$ molecule, the three-band set is assigned to with 32SP*S isotopic frequency ratios of 1.0246 and 1.0271,
the antisymmetric SZr—S stretching mode in the ZsS respectively (Figure 6). The average of these two ratios, 1.0259,
molecule for the three most abundant zirconium isotopes. Theis close to the H¥2S/Hf3S diatomic frequency ratio of 1.0260.
coincident feature at 502.9 crhis the symmetric SZr—S In the mixed®?S + 34S experiment, these two bands clearly
stretching mode in ZrSfor the most abundant isotofézr. showed triplet splitting patterns with two new intermediate bands
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Figure 5. Infrared spectra in the 538160 cn1? region for laser-ablated

Hf co-deposited with discharged S in argon at 7 K. (a) Sample deposited
for 40 min, (b) after 30 K annealing, (c) aftér> 240 nm irradiation,

(d) after 35 K annealing, (e) after 40 K annealing.
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Figure 7. Simulations of the Zrgvibrational spectra for zirconium
natural isotopes. (a) Only the spectra for Z#S, and Z#*S,, (b) both

H1S: (v3) thevs andv, spectra for Z#S, and ZP4S,, (c) mixed spectra for 55/45
HfS 32 34 i 34
05 e ® S + 343, (d) mixed spectra for 35/68S + 34S.
HIS; (v)) TABLE 2: Calculated Electronic State, Relative Energy,
ww Geometry, Dipole Moment, and Frequencies for MS (M=
g [t oL Ti, Zr, Hf)
5 (SOHTS (SHSS
T 03 @ relative  bond dipole frequency
2z electronic energy length moment (intensity)
< _"_"_v‘__/\,p/w species state [kcal/mol] [A] [Debye] [cm™t (km/mol)]
B3LYP
() TiS  3A (6'%Y) 0 2.086 5.579 567.1(78)
o1 (09 +220 2139 7.960 531.5(44)
W I3+ (02) +24.9 2028 3.777 609.3(70)
— Zrs  3A (6lY) 0 2.214 5505 529.4(48)
520 e (o 460 IS4 (0?) +84 2173 3.859 565.7(39)
avenumbers (em”) S0 4244 2252 7.704 492.0(54)
Figure 6. Infrared spectra in the 538150 cnt region for laser-ablated HfS  1X* (0?) 0 2.169 4.084 526.6(23)
Hf co-deposited with discharged S in argon at 7 K. (a?3), (c, d) SA (00  +15.1 2205 5.712 492.4(28)
33, (e, f) 35/65°2S + 34S mixture. Spectra (a, ¢, €) are collected after 32 (0?) +60.3 2241 7.249 453.9(25)
35 K annealing, (b, d, f) after 40 K annealing. BPW91
3 141
at 474.2 and 488.9 cm, respectively. Hence, the 483.2 and 21S é}a ‘2’) 0 2212 5014 523.2(35)
) : ) (0 +12.4 2175 3.437 558.3(27)
492.2 cnt! bands are assigned to the antisymmetric and MP2
symmetric Ser_ S s_trf_etchlng modes in the Hzf$nolecule._ A (301 0 2909  7.305 548.5(43)
The metal isotopic splitting patterns are not resolved for hafnium 15+ (0?) +240 2167 5672 586.3(3)

because the heavier apex atom introduces less isotopic shift.

On the basis of thes; frequencies of H#2S, and Hf%S,, the
upper limif83° for the S-Hf—S bond angle is calculated as
112 £ 2°. If we take ZrS as our model, where metal isotopic
frequencies were employed to determine the angle lower limit,
the experimental lower limit angle for HfSvill be on the order
of 8° lower than the upper limit.

DFT calculations were performed on all three metal disulfides,

shown that the bond angle for the molecule is the average of
upper and lower limits computed from pairs of terminal and
apex isotopiars frequencies folC,, molecules>38 Hence, the
valence angles for TiS ZrS,, and HfS, respectively, from
experimental measurement are #13°, 107+ 4°, and 108+ 4°.

The M$S vibrational frequencies are listed in Table 3. The
v, bending modes for all three ground states are the weakest

and the results are summarized in Tables 3 and 4. Since allvibrations and below our detection limit, and hence they are
three metal atoms have electronic ground-state configurationsnot observed. Both; andv; modes were observed for all three

of d?s?, the ground states for MSre obviously singlets if no
sulfur—sulfur bonds are involved. Calculations on cyclic MYS

metals, and the calculated values agree quite well with the
experimental results. In the case of 7iShe calculated

were also performed, and they are at least 40 kcal/mol higher frequencies are 3.4 and 5.4% too high, which is in agreement

than the open structures. The-\ bond lengths for the three
MS; ground states are predicted as 2.086, 2.236, and 2.221 A
and the SM—S bond angles as 113,3108.5, and 109.5,

with comparison for inorganic molecules using the smaller

6-311G* basis se¥ In the case of Zr§ the computed

frequencies are 1.4 and 5.0% too high but for Hitee

for M = Ti, Zr, and Hf, respectively. The bond lengths show frequencies are computed 1.9 and 0.3% too low, both using the
the results of competition between shell-structure expansion andLanL2DZ pseudopotential and basis set. The isotopic frequen-
relativistic contractio? as also found for the analogous cies were also calculated, and they showed consistent agreement
oxides*! The DFT bond angles agree with the angles computed with experiment (Table 4). It is noteworthy that the calculation
from experimental isotopic frequencies. Previous work has predicted two very close; andvs frequencies for Zrg v, is
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calculated only 1.6 cmt higher thanvs;, whereas in the appears that théA state of ZrS is the lowest state in solid argon.
experimentyz is 1.7 cnt! higher. Also in this molecule, the, Recall that high level theory predicted only 209 ¢nbetween
frequency is more than three times the value ofithigzequency, the two stated?
which validates the high-frequency approximation. Finally, the  HfS. The gas-phase study on HfS reportedanvalue of
B3LYP functional, 6-31%G* basis, and LanL2DZ pseudo- 526.8 cni?, and a vibrational frequency of 524.4 chfor the
potential calculations show very good predictive power for x1s+ statel In the current experiment, a weak band at 520.3
group 4 disulfides. Similar agreement was found for group 5 cm1 is assigned to the HfS fundamental in the argon matrix
sulfides? (Figure 5). This band red-shifted to 507.1 chin the 34S
MS (M = Ti, Zr, Hf). TiS.The TiS system has been studied experiment (Figure 6¢,d), and tFS£S isotopic frequency ratio
by many groupg:1° Recent high-resolution studies reported an of 1.0260 is the same as the harmonic diatomic ratio. In the
we value of 562.4 cm?!, and a vibrational frequency of 558.3 mixed 32S + 34S experiment (Figure 6e,f), this band split into
cm~1 for the X3A state of the TiS molecule in the gas phése. a doublet, which confirms that only one sulfur atom is involved.
An earlier matrix isolation study using thermally evaporated The argon-matrix shift of 4.1 cn for HfS is smaller, both in

Ti atom reactions with OCS produced a band at 552 %cimn absolute value and percentage, than the matrix shift (92)cm
an OCS matrix and at 556 crhin an argon matrix, and these  for HfO at 958.3 cm™.41
bands were assigned to the TiS fundame#ftéh our Ti + S The bonding in transition metal monosulfides has been

experiment (Figure 1), a weak band at 557.6 ¢ very close  discussed in earlier studi@s®31t includes two components, the
to both gas-phase and earlier matrix values, and it is probably 5 hond between metal hybridized adsind sulfur 3p orbital

due to the TiS fundamental in the argon matrix. This band electrons, and ther bonds between metalmdand sulfur pr
shifted to 529.7 cmt in the 34S experiment (Figure 2c,d), the  orbital electrons, and hence this bonding has a triple bond
isotopic frequency ratio of 1.0183 is close to the harmonic character. The metabdrbitals are nonbonding, and essentially
diatomic ratio of 1.0181. However, in the mixéeés + 3S do not effect bonding. The other hybridizedsdsrbital is also
experiment (Figure 2e.f), several weak, broad intermediate bandsnonbonding, but this orbital is very important in the bonding
were observed. It is possible that the intermediate bands in themechanism. The electrons in this orbital are polarized away from

mixed isotopic experiment are due to absorptions other than the sulfur atom, and to further reduce thespulsion, the metal
TiS, neverth9|ess, the matrix a.SSlgnment of 557.6%to the atom can undergo s to d electron promotion_

TiS fundamental is tentative. All three titanium group metal atoms have the ground-state
In the complementary study using OCS as the sulfur source yalence electron configurations o Excluding two electrons
for reaction with laser-ablated Ti atoms, major product absorp- which are dedicated to MS bonding, the ground states of metal
tion bands were observed at 1868.1, 548.9, and 961:9.cm monosulfides are determined by the configurations of two
The former pair are probably the-@ and Ti-S stretching  nonbonding electrons. DFT calculations were performed on all
modes in the insertion product OCTIS, and the band at 961.9 three of these systems for different electron configurations, and
cm ! is probably the G-Ti stretching mode in OTIiCS. A results are summarized in Table 2. From these calculations TiS
detailed study of those products is beyond the scope of this and zrS havéA ground states withlo? electron configurations,
investigation. We intended to find the TiS absorption in this \hereas HfS has th&" ground state with the? electron
OCS experiment, but the 557.6 chband is unfortunately  configuration. This difference could be due to the relativistic
covered by nearby unknown complex absorptions, so no effect for the third-row transition metat€which substantially
definitive conclusion can be drawn. It is noteworthy that the stabilizes the 6s orbital of the hafnium atom, and subsequently
TiS; v mode is observed in this OCS experiment, albeit very two nonbonding electrons doubly occupy thenolecular orbital
weakly (A = 0.01), in two matrix sites at 577.8 and 571.4¢m  (mainly metal 6s character) in HfS. These current DFT/B3LYP
which are the same as in the sulfur discharge experiment.  ground states agree with gas-phase results only for TiS and HfS.
ZrS. The first laboratory study of ZrS was performed by As mentioned earlier in this paper, the gas-phase work reported
Simard et al. using laser-induced fluoresceHde.analogy with alz" ground state for Zr&-1417An earlier modified coupled-
ZrO, the transition in the green region was labeled 8'& pair functional (MCPF) calculation on ZrS predicted #estate
X1, Later, Jonsson et al. systematically studied both singlet to be only 209 cm? (less than 0.6 kcal/mol) higher than the
and triplet systems of ZrS, and reporieglvalues of 548.3 and 1=+ state?? The current calculation puts tH&E" state at 8.4
527.2 cnm?, and vibrational frequencies of 545.4 and 524.5tm  kcal/mol higher than théA state. This energy difference could
for X1=* and @A states, respectivelif. 4 To our knowledge,  be due to inaccuracy in the DFT calculation. To further
no experimental singlettriplet energy separation has been investigate this problem, additional DFT calculation using the
reported. BPWO91 functional and the MP2 method were performed on
In the current matrix experiment, a broad, weak band around Zr'S. However, similar to the DFT/B3LYP calculation, th
518 cnt! was observed on deposition, whereas no absorption (0'0) state is 12.4 and 24.0 kcal/mol lower than # (o)
was observed in the 545 Cﬁqregion_ This band Sharpened on state in the DFT/BPW91 and MP2 Ca.'CUla.tionS, reSpeCtiVEly
annealing, and was measured at 518.1cafter 40 K annealing (Table 2). Further calculations are necessary to clarify this
(Figure 3a-c). The band shifted to 506.8 chin the 34S difficult problem.
experiment (Figure 3¢f) with a 32S£“S isotopic frequency ratio Vibrational analysis was performed on the metal mono-
of 1.0221, which is very close to the harmonic diatomic ratio sulfides, and the results showed very good agreement with the
of 1.0224. In the mixed?S + 34S experiments (Figure 4), only  experimental values (Table 2). In the case of ZrS, the 518.1
doublets were found, which shows that only one sulfur atom is cm~! band is assigned to the fundamental of triplet ZrS trapped
involved in the responsible absorber. We assign the 5182 cm in the argon matrix, since it is close to the gas phase and
band to the vibration for triplet ZrS in the argon matrix. This calculated values for the tripléA state. A different ground
matrix shift of 6.4 cm® is smaller than the matrix shift (10.4  state for ZrS in the gas phase and solid argon can be explained
cmb) for ZrO at 958.6 cm?, but the percentage shifts are by the matrix effect. Because the triplet state has a larger dipole
almost identical (1.2% for ZrS and 1.1% for Zr&)Thus, it moment than the singlet state (Table 2), the stronger interaction
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TABLE 3: Calculated (DFT/B3LYP) Electronic State, Relative Energy, Geometry, and Frequencies for Mg (M = Ti, Zr, Hf)
and (S)HfS

electronic relative energy geometry frequency (intensity)
species state [kcal/mol] [A, deg] [em~1 (km/mol)]
TiS; Ay 0 Ti—S: 2.086STiS: 113.3 597.6(187), 562.7(9), 173.0(2)
Ti(Sy) A, +49.8 Ti—S: 2.136[STiS: 56.9 519.6(67), 386.6(4), 333.7(0)
ZrS, Ay 0 Zr—S: 2.236[1SZrS: 108.5 513.3(11), 511.7(146), 161.5(1)
Z1(S) A, +53.8 Zr-S: 2.387[1SZrS: 53.1 501.9(34), 359.5(8), 281.2(0)
HfS, Ay 0 Hf—S: 2.221[0SHfS: 109.5 490.5(6), 473.8(86), 151.3(1)
Hf(S) A, +40.3 Hf=S: 2.3970SHfS: 53.9 495.2(12), 325.0(7), 280.5(0)
(SHHfS A 0 S—Hf: 2.384, Hf~=S: 2.219, S-S: 2.220, 489.0(65), 448.4(30), 350.6(5),
OSHfS: 55.5[JSHfS: 114.9 293.9(18), 108.9(6), 82.8(5)
A, +13.8 S-Hf: 2.402, Hf-S: 2.244, S-S: 2.238, 480.5(128), 434.0(14), 367.2(2),
OSHfS: 152.2 264.2(7), 52.4i(19), 100.8i(41)
SA +25.1 S-Hf: 2.572, HF-S: 2.206, S-S: 2.038, 559.0(11), 486.5(25), 241.8(10),
OSHfS: 46.70SHfS: 112.7 216.5(2), 81.4(5), 66.5(3)
A, +33.1 S-Hf: 2.631, HF~S: 2.214, S-S: 2.044, 548.4(6), 496.3(95), 236.4(0),
OSHfS: 157.1 230.6(29), 68.1i(8), 70.2i(13)

between the triplet state and the host argon atoms lowers itsSTABLE 4: Comparison of Computed (B3LYP) and
energy more than the singlet state. It is noteworthy that the DFT/ Experimental Metal —Sulfur Stretching Modes in MS; and
B3LYP calculated dipole moments for tha& state TiS and=" S
state ZrS are close to experimental values (5.75 and 3.86 D, computed experimental
respectively)? _ _ species mode MS, M3¥S, R(32/34) M2S, M3S, R(32/34)

(S)HFS. In tt11e Hf+ S reaction, two ass.oqated. bands at 497.2 Tis, & 5627 5515 10203 5283 517.8 1.0203
and 471.1 cm! were observed on deposition (F|gure 5). Thf_ese b, 597.6 5884 10156 571.4 562.6 1.0156
two bands almost doubled on 30 K annealing, showed little zrs, a 513.3 501.4 1.0237 502.9 491.0 1.0242
change on full-arc irradiation, and finally increased and b, 511.7 501.3 1.0207 504.6 4945 1.0204
sharpened slightly on 35 and 40 K annealings. The relative HfS: a 4905 4776 1.0270 4922 479.2 1.0271
absorption intensity was measured after 40 K annealing as 1.8: b 4738 4624 1.0247 4832 471.6 1.0246
1. In the 3*S experiment (Figure 6c¢,d), the 497.2 chrband (SHHIS & 489.0 4766 1.0260 497.2 484.6 10260

: _ o) U - a 4484 436.0 1.0284 4711 458.1 1.0284
red-shifted to 484.6 cni, and the32Sf4S isotopic frequency

ratio of 1.0260 is identical to the HfS fundamental. The 471.1 Other Absorptions. In the titanium experiment, a broad,

cm™! band shifted to 458.1 cm, the isotopic frequency ratio ok band observed at 539.2 chshifted to 529.7 cmt in

of 1.0284 is even larger than that of the Hfg mode. In the the34S experi : 34 .
. - periment. In the mixe#S + 3S experiment, the band
32G 4 34 m
S S experiment, the 497.2 cthband split into a doublet, apparently split into a doublet. This band is too low to assign

and the 471.1 cmt band split into a triplet with an intermediate to the TiS fundamental in the argon matrix. We tentatively

band at 464.8 cnt. It IS apparent that _the 497.2 and 471.1¢ém assign it as a titanium cluster sulfide,3j wherex likely equals
bands are due to vibrations involving one S atom and two 2

equivalent S atoms, respectively. The moleculg)HE is i ) . .
proposed, where the hafnium atom bonds to one sulfur atom _ Reaction M_echamsmsF_’ossmle reactions for prodgct forma-
and one $unit. Two vibrations at 497.2 and 471.1 cinare tion, along with zero-point-energy corrected relative energy
the Hf—S stretching and ($—Hf stretching modes. changes calculated by DFT/B3LYP are:

DFT calculation on this (§HfS molecule was first performed
on the planaiC,, structure with a singlet spin state; however, M+ S—MS
imaginary frequencies were found (Table 3). Subsequent (AE = —108,—-125,—131 kcal/mol for Ti, Zr, Hf) (1)
calculation was performed on a low& symmetry, where the
S-atom deviates from the £5if plane. The lowestA’ state is M+S,—~MS+S
13.8 kcal/mol lower in energy than th&, planar structure. (AE = —15,—32, 38 kcal/mol for Ti, Zr, Hf) (2)
More importantly, no imaginary vibrational frequencies were
found. This bending can be understood from the bonding M+S—=MS+S,
standpoint, since the linear structure would maximize the (AE= —63,—80,—86 kcal/mol for Ti, Zr, Hf) (3)
repulsion between the doubly occupiedorbital of HfS and M +S,— MS
the fully occupiedr orbitals of $. Calculations on the triplet 2
spin state were also performed, and both low@st and Cs (AE= —11,-139,~134 kcal/mol for Ti, Zr, Hf) (4)
symmetry states are higher in energy than their respective singletM 1S —MS. +S
states (Table 3). The vibrational analysis on the grodidtate S5 2

predicted two strong modes at 489.0 and 448.4 %grwith (AE = —6, —94, —89 kcal/mol for Ti, Zr, Hf) (5)
infrared intensities of 65 and 30 km/mol, respectively. These

two modes are only 8.2 and 22.7 chiower than two observed Hf + S — (SHHIS  (AE= —166 kcal/mol)  (6)
bands, and have similar relative intensities. Furthermore, the _

former mode is predicted as the terminaH§ stretching, and HIS + S, —~ (S)HFS  (AE= —80 kcal/mol)  (7)

the latter is the (§Hf symmetric ring-stretching mode, and

hence the isotopic splitting patterns in the mixed isotopic The AE values for reaction 1 are actuallyD, values for the
experiment are doublet and triplet, respectively. The calculated MS molecules. OnlyD, for TiS has been measured experimen-
isotopic frequency ratios are listed in Table 4, which show tally,*® and our calculated value agrees with the reported value
excellent agreement with experimental values. of 109 kcal/mol.
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