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Chromium Hydrides and Dihydrogen Complexes in Solid Neon, Argon, and Hydrogen:
Matrix Infrared Spectra and Quantum Chemical Calculations
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Reactions of chromium atoms with molecular hydrogen are investigated through matrix-isolation infrared
spectroscopy of products and complexes. Laser-ablated chromium atoms react with molecular hydrogen upon
condensation in excess neon and argon and in pure hydrogen. The reaction products, JGHH, (ErH;,
(H2)CrH,, and (H).CrH, are identified by isotopic substitution §PHD, and H+D,) and comparison with

DFT (density functional theory) and MP2 calculations of vibrational fundamentals. TH€ErtH complex

with lower energy than Crkis trapped and no band is observed for €riReactions with KHland D, mixtures

and with HD give different relative yields of the same mixed isotopic bands, which shows that exchange of
dihydride and dihydrogen complex positions occurs in the energized,JCittiermediate in the formation

of (H,)CrH,. The major bands at 1529.5 cirfor H, and 1112.2 cmt for D, in neon and at 1521.3 crhin

pure hydrogen and 1106.9 cfin pure deuterium are due to £ACrH, and (D,).CrD,, respectively, which

is the most stable form for chromium hexahydride.

Introduction Laser ablation is one of the most promising methods for
) vaporizing high-melting-point metals. With this approach reac-
In a previous paper we reported laser-ablated tungsten atomyjye metal atoms are produced, which combine with &hd as
reactions with molecular hydrogen upon condensation in excessy result, metal hydrides and hydrogen complexes can be
neon and argohThe tungsten hydrides, WH, WHWHs, WHL, synthesized?~1° Metal polyhydrides, Zrkd HfH,, and TiH, with
and WH; were identified. The first successful synthesis of the T strycture2-22 and metal hydride hydrogen complexesg}H
highly fluxional WHs species is important to understanding the  rphH, (H,)RhHs, and (H)AuH, and (H)AuHs have been
bonding of transition metal polyhydrides and polyhydrogen identified in neon and argon matrices by vibrational IR
complexes. In this work, we investigate laser-ablated chromium gpectroscopy and reproduced by theoretical calculafibfs.

atom reactions with molecular hydrogen. We present here a matrix isolation study of laser-ablated
The diatomiC CrH mOleCUIe haS been Studied eXtenSiVely bOth Chromlum atom reac“ons Wlthd'ﬂn |0w_temperature matncesy

theoretically and experimentalfy® It is well known that the  which shows the importance of dihydrogen complexes. The

ground electronic state for CrH$E™, and recent high-resolution  chromium hydrides (CrH, Crgl and hydrogen complexes ({H

gas phase work provides a 1595.17§mibration_al fundamen-  crH, (H,)CrH,, and (H),CrH,) are characterized by matrix

tal® The CrH molecule was prepared by reaction of thermal Cr jnfrared spectroscopy and quantum chemical calculations. The

and H atoms generated at 1700 and 2600 K and identified by (HZ)CrH Species’ which is lower in energy than GIH trapped

ESR and optical spectroscopy in solid argon at 4 K; a 1548 instead of CrH, and likewise the (BCrH, complex is produced

cm™* absorption was reported for the CrH molectiEhe Cri instead of CrH. The higher bis-dihydrogen complex, bCrH;,

molecule was also identified with both ESR and IR SpeCtI’OSCOpy is formed predominan“y in solid neon and pure hydrogen' and

by Weltner et aP Later, Margrave et al. reported the IR spectra (D2)2CrD;, in pure deuterium with no evidence for open GrH

of CrH, in krypton and argon matrices and assigned different o CrDg structures.

frequencies. A bent structure with a bond angle of 1d@s

proposed based on the relative intensities of symmetric and

antisymmetric stretching modes of Gt Soon afterward, Experimental and Computational Methods

Schaefer and co-workers reported ab initio calculations ot CrH

which found a bentB; ground staté: The CrH molecule has The experiments for reactions of laser-ablated chromium

also been identified in inert gas matrices using the Cr atom atoms with small molecules during condensation in excess argon

photochemical reaction with 4° However, a recent theoretical  and neon has been described in detail previotfsR7. The

study shows that the calculatees (€) mode of CrH is Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate with

substantially higher than reportétiand reassignment of this 10 ns pulse width) was focused (10 cm f.I. lens) onto a rotating

spectrum has been proposécalculations have predicted that - chromium target (Johnson Matthey). The laser energy was varied

CrHg is stable in a distorted trigonal form, which is the global  from 10 to 30 mJ/pulse at the sample. Laser-ablated chromium

minimum for Wk, *~1¢ but that*-H, moieties are important  atoms were co-deposited with 0.2 to 2% hydrogen (Matheson)

here and thes-Hz)sCr complex is probably the lowest-energy  in excess neon or argon and with pure hydrogen or deuterium

structure for Crig.'3 onto a 3.5 K Csl cryogenic window at-2 mmol/h for 1 h.
Isotopic Dy (Liquid Carbonic), HD (Cambridge Isotopic Labo-
* Corresponding author. E-mail: Isa@virginia.edu ratories), and selected mixtures were used in different experi-
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TABLE 1: Infrared Absorptions (cm ~1) Observed from Reactions of Laser-Ablated Chromium and Dihydrogen in Excess
Argon, Neon, Pure Hydrogen, and Deuterium

argon neon pure solid
H, HD D, H, HD D, H, D, identification
3757.4 2710.7 (pCrH
1650.9 1642 1188.9 1641.8 CrH
1635.6 1176.4 unknowr?
1614.5 1185 1166.8 1627.7 1186.7 1180.0 CrH
1603.3 1603.3, 1158.7 CrH
1158.7
1581.2 1623.9 1139.4 (H2)- -CrH,
1171.9
1578.4 1144.8 (Crb)z
1561.5 1126.8 (H2)CrH site
1547.5 1546.6 1114.4 1561.8 1558.9 1122.5 1555.4 1119.0 2)C(H
1114.8 1123.4
1525.4 1524, 1108 11069 1529.5 1530.9, 1113.0, 1112.2 1521.3 1106.9 2)4ETH;
1576, 1133 1583.4, 1137.1
1525.8 1576.4, 1133.4 1107.6 AErH,
1524.1, 1108.2
1377.7 1337.2 994.2 996.7 €k,
1332.4 971.8 1335.0 1333.2, 971.6 1336.6 971.2 torH
973.0
1238.4 903.8 1243.5 909.8 931.2 (QH
1299.9 967.4 950.0 1299 950.6 By
1210.4 882.9 1215.7 884.5 847.4 <8y
1165.9 856.8 GHy

aWeak, increased on photolysisAnnealing produced sharp peaks at 1519.3 and 1509:8. éMnnealing produced sharp peaks at 1106.4 and
1098.5 cn.

TABLE 2: Calculated Electronic States, Relative Energies, and Geometries for Chromium Hydrides and Hydrogen Complexes

species state relative energy (kcal/mol) geometries (A, deg)
B3PW91/6-31%+G(d,p)/SDD

CrH 6y + 0.0 CrH: 1.647

CrH, B; 0.0 CrH: 1.637; HCrH: 111.3

(H2)CrH 6A, 0.0 CrH: 1.671; CrH 2.064; HH': 0.756

CrHs A1 20.5 CrH: 1.605; HCrH: 106.6

(H2)CrH; 5A1 0.0 CrH: 1.701; CrH 1.868; HH': 0.792; HCrH: 171.8

CrH, SA; 255 CrH: 1.582

(H2)-CrH, 5A1 0.0 CrH: 1.696; CrH 1.884; HH: 0.786; HCrH: 180.0

Cr(p?-Hy)3 1A, 53.3 CrH; 1.601; CrH 1.625; HH: 0.973; HCrH: 66.1; HCrH'": 112.8

CroHz u, 0.0 CrH: 1.806, 1.807, CrHCr: 101.9

CrHy Ag 0.0 HCr: 1.665; CrH'": 1.878, 1.740
B3LYP/6-311+G(d,p)/SDD

CrH; B, CrH: 1.641; HCrH: 112.0

(H2)CrH; 5A; CrH: 1.709; CrH: 1.924, HH': 0.779; HCrH: 176.5

(H2)2CrH, 5A; CrH: 1.701; CrH: 1.912; HH'": 0.778; HCrH: 180.0

BPW91/6-31%+G(d,p)/all electron

CrH, B2 CrH: 1.639; HCrH: 109.8
MP2/6-311+G(d,p)/SDD

CrH, 5B, 0.0 CrH: 1.614; HCrH: 113.6

(H2)CrH 6A; 0.0 CrH: 1.664; CrH 1.989; HH: 0.758

CrHs A, 27.2 CrH: 1.589; HCrH: 106.6

(H2)CrH; 5A; 0.0 CrH: 1.698; CrH 2.002; HH": 0.759; HCrH: 176.1

CrH, SA1 170.2 CrH: 1.622

(H2)2CrH, 5A; 0.0 CrH: 1.622; CrH 1.667; HH': 0.809; HCrH: 180.0

CrHe 1A, 41.0 CrH: 1.465; CrH 1.499; HH: 1.636; HCrH: 67.0; HCrH': 115.5

ments. FTIR spectra were recorded at 0.5 Emesolution on a frequencies of expected molecules. The 6-B¥15(d,p) basis
Nicolet 750 with 0.1 cm?! accuracy using an MCTB detector.  set for hydrogen atom and the SDD pseudopotential and basis
Matrix samples were annealed at different temperatures, andfor chromium atom were use@3°All the geometrical param-
selected samples were subjected to broadband photolysis by &ters were fully optimized with the B3PW91 and B3LYP density
medium-pressure mercury arc lamp (Phillips, 175W) with globe fynctionals and calculations at the MP2 level of thedry?
removed. Analytical B3PW91, B3LYP and MP2 vibrational frequencies

DFT (density functional theory) and MP2 (MgltePlesset) were obtained at the optimized structures. The computed
calculations of chromium hydrides and chromium-hydride — geometry parameters, relative energies, and frequencies, intensi-
hydrogen complexes are given for comparison. The Gaussianties, and isotopic frequency ratios are summarized in Tables 2
98 program® was employed to calculate the structures and and 3.
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TABLE 3: Calculated Vibrational Frequencies and Intensities for Chromium Hydrides and Dihydrogen Complexes
species state frequencies, tnisymmetry, intensities, km/mol)
B3PW91/6-31%+G(d,p)/SDD

CrH 6y + 1642.0(210)

CrH, 5B, 1692.2(a,80); 1676.5(295); 614.7(a131)

(Hz)CrH 6A; 4061.6(a,25); 1622.7(3219); 859.1(h9); 484.8(a1); 343.5(k,85); 325.1(h,109)

CrHs P 1761.2(a,16); 1760.6(e,2102); 595.9(e,452); 482.4(a,234)

(H2)CrH, 5A; 3660.1(a,64); 1679.9(al); 1523.5(h1041); 1346.4()38); 776.3(a8); 681.8(a,0); 500.6(h,246);
423.0(a,315); 254.8(h 115)

CrH, A, 1830.5(3,159x 3); 1799.4(a0); 708.2(e,&2); 536.6(1,134x 3)

(H2)2CrH, 5A; 3764.7(a,0); 3751.9(p,128); 1675.7(a0); 1543.8(h,738); 1322.7(0); 1308.9(,60); 799.2(h0);
781.9(a,0); 628.6(b,0); 599.3(a,0); 494.8(a,213); 276.1(a0); 247.9(a,0); 215.2(k,356);
188.2(h,97)

Cr(*Hy)s A, 2163.7(a,0); 2074.5(e,4252); 1932.4(a11); 1930.6(e,1722); 1029.5(a12); 850.1(e,5222);
773.3(a,66); 742.4(e,7%2); 614.4(e,4%2); 481.2(a,0)

CrH, ug, 1233.2(g, 0); 1097.4(b, 191); 894.7(k, 87); 645.1(g 0); 438.5(a, 94); 236.6(3 0)

CroHs Iy 1688.1(g, 0); 1672.5(, 623); 1364.8(h 908), 1348.0(a 0); 1155.1(g, 0); 1134.9(b, 444);

473.5(a, 256); 424.4(g 0); 339.7(h, 319); ...
B3LYP/6-311+G(d,p)/SDD

CrH, B, 1698.4(a, 88); 1681.8(k 317), 630.3(a 121)

(H2)CrH; %Ay 3837.6(a, 47); 1678.2(a 4); 1515.2(b, 1086); ...0.408.6(a351); 265.6(k 82)

(H2)2CrH, %A 3860.0(a, 0); 3849.5(h, 101); 1670.5(g 0); 1536.9(h, 785); ...0.234.7(@2); 240.8(b, 85)

BPW91/6-31%+G(d,p)/all electron

CrH, B; 1689.6(a, 78); 1682.6(k 242); 584.6(g 120)

MP2/6-311+G(d,p)/SDD

CrH, B, 1756.3(a,249); 1748.5(h618); 561.9(a106)

(Hz)CrH 5A; 4189.2(,22); 1706.1(a256); 1020.9(h11); 575.3(a4); 376.6(h,120); 354.5(n99)

CrHs Aq 1894.3(e,1342); 1772.7(a7); 927.7(e,12682); 466.6(a,299)

(H2)CrH; 5A1 4200.1(a,1); 1751.5(a11); 1571.2(p1003); 1100.2(H13); 555.8(a66); 504.0(a0); 481.6(k,331);
477.3(a,335); 341.9(h 26)

(H2).CrH, A, 4086.9(h,13); 4084.8(a0); 1755.9(a0); 1597.4(b,881); 1270.5(80); 1255.6(b,45); 754.8(h,3);
672.9(a,0); 581.3(b,0); 542.6(a,0); 476.6(a,269); 449.1(n347); 435.2(a0); 266.3(,84);
223.6(a,5)

CrHs A, 2480.8(a,4); 2322.9(e,1202); 2185.7(94); 2128.1(e,1142); 1403.5(a 112); 1165.1(e,1762);

1069.2(e, 108 2); 886.3(a,0); 722.4(a,38); 587.2(e,242)

Results This band decreased in intensity on broadband photolysis, and
a very weak band at 1603.3 ctnincreased. Deuterium
;]counterparts for these two bands appeared at 1114.4 and 1158.7
cm! (Figure 2). Experiments with HD and;HD, gave exactly
the same 1603.3 and 1158.7 chbands, but the 1547.5 and
1114.4 cm! bands show wavenumber shifts of several tenths,
as shown in Figure 3. A strong, broad band at 1581.2%cm
and a deuterium counterpart at 1139.4énwvere also observed
on deposition. Mixed kD, experiments gave approximately
the same bands, but HD shifted two bands to 1623.9 and 1171.9
cm L, respectively.

Neon Matrix Spectra. Figure 4 reveals reaction products in
(H,)--CrH, neon. Strong 1525.8 crh and weak 1561.8 and 1627.7 th

CrH (HCrH

Infrared spectra of reaction products recorded in argon, neon
and pure hydrogen and deuterium at 3.5 K are presented, an
calculations with DFT and MP2 were used to support the
product identifications.

Argon Matrix Spectra. Figure 1 shows the infrared spectra
of Cr—H stretching regions for Cr reactions with 5% fih
excess argon. Two bands at 1614.5 and 1650.9'ae to
CrH; in argon were observed, which are basically the same as
the frequencies reported by Xiao et'&lA new band appeared
at 1547.5 cm?! on deposition and increased greatly on annealing.
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Figure 1. Infrared spectra of laser-ablated chromium atom and H
(4%) reaction products in an argon matrix in the 168800 cnt?! Figure 2. Infrared spectra of laser-ablated chromium and (%)
region: (a) 60 min deposition at 3.5 K, (b) after annealing to 15 K, (c) reaction products in argon an matrix in the 12A®80 cn1? region:
after 10 min broadband photolysis, (d) after annealing to 25 K, (e) (a) 60 min deposition at 3.5 K, (b) after annealing to 18 K, (c) after 10
after 10 min broadband photlysis, and (f) after annealing to 30 K. min broadband photolysis, and (d) after annealing to 25 K.
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0.10]  (HD)--CrHD (HID),CrHD (HD),CrHD (CrHD),
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| | 0.051
o CrH 0.04 o
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Figure 5. Infrared spectra of laser-ablated chromium and HD (5%)
reaction products in a neon matrix in the 16920 cn1? region: (a)
Figure 3. Infrared spectra of laser-ablated chromium and HD (7%) 70 min deposition at 3.5 K, (b) after annealing to 7 K, (c) after 10 min
reaction products in an argon matrix in the 166630 cnT* and 1206 A > 380 nm photolysis, (d) after 10 mih > 240 nm photolysis, and
1100 cn1?regions: (a) 70 min deposition at 3.5 K, (b) after annealing (e) after annealing to 13 K.

to 20 K, (c) after 10 min broadband photolysis, (d) after annealing to

25 K, and (e) after annealing to 30 K. (HD),CrHD (HD)ZciHD (HD)(H,)CrD,

~ " (HD)(D,)CrH
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Wavenumbers (cm) Figure 6. Infrared spectra in the 159490 and 11861080 cnt?
regions for laser-ablated chromium reaction products with-Bb
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Figure 4. Infrared spectra of laser-ablated chromium and(5%6) ; ) : . .
reaction products in a neon matrix in the 16480 cnt? region: (a) mixtures and HD in excess neon: (&) 70 min deposition of 4%6[b}

60 min deposition at 3.5 K, (b) after annealing to 7 K, (c) after 10 min N n€on at 3.5 K, (b) after photolysis and annealing to 13 K, (c) 70
broadband photolysis, (d) after annealing to 9 K, (e) after annealing to Min deposition with 5% HD in neon at 3.5 K using lower laser energy
12 K, and infrared spectra of for laser-ablated chromium an(Bex) than the experiment reported in Figure 5, (d) after 25 min photolysis
reaction products in a neon matrix in the 122820 cnt? region, (f) with 240—380 nm radiation, (e) after annealing to 11 K, and (f) after
60 min deposition at 3.5 K, (g) after annealing to 7 K, (h) after 10 min &nnealing to 12 K.
broadband photolysis, (i) after annealing to 9 K, and (j) after annealing
to 12 K. band at 1119.0 cmt decreased markedly on broadband pho-
tolysis and tracked with a sharp weaker 2710.6 tpeak, both
bands were observed in the-eH stretching region. Broadband  increasing slightly o 8 K annealing. Bands observed at 1144.8
photolysis increased the 1525.8 thiband 3-fold and annealing  and 971.2 cm! on deposition decrease slightly on photolysis
increased a sharp feature at 1529.5-&mThe deuterium and increase slightly on annealing. Finally, a new photosensitive
counterparts for these bands are at 1107.6 and 1112:2,cm 2870 cnit absorption is observed in pure deuterium experiments
respectively. The HD spectrum reveals new bands at 1576.4independent of the laser-ablated meétdP-2324This photosensi-
cmtin the upper region and at 1133.4 chin the lower region tive 2870 cnt! band is, we believe, due to a faD* species,
and weaker 1524.1 and 1108.2 chbands (Figure 5). The  which will be described in a later publication.
mixed H+D, experiment reveals a similar spectrum with Pure B was co-deposited with laser-ablated chromium using
stronger bands at 1523.6 and 1108.0"émnd weaker absorp-  half the laser energy employed for,land the product bands
tions at 1576.4 and 1133.4 ci(Figure 6). Finally experiments  at 1555.4 and 1521.3 crh are illustrated in Figure 9a.
were done with lower laser energies, and two spectra are Photolysis broadened the latter and decreased the former band,
compared from three experiments with different laser energies. and 6.5 K annealing sharpened these bands. Additional weaker
The spectra in Figure 7 show that absorptions in the 3400 bands are listed in Table 1. A similar experiment performed
1100 cn1? region are higher order in laser energy than bands with pure HD gave new absorptions 1574.2, 1554.6, 1522.8,
in the 1506-1700 cn1? region. 1131.7, 1120.8, and 1107.9 ck and the CiH stretching
Deuterium and Hydrogen Matrix Spectra. Pure D was region is shown in Figure 9d. Photolysis produced new bands
used as both reagent and matrix in this work, and simple reactionat 1580.0, 1524.6, 1135.6, and 1109.2émand subsequent
product absorptions were recorded. As shown in Figure 8, the annealing to 6.5 K destroyed these latter bands and increased
strongest band at 1106.9 chrappeared on deposition, increased the 1522.8 and 1107.9 crhabsorptions. Mixed b D, samples
on annealing, and decreased on photolysis. However a sharpwith 35, 50, 65, and 85% Hwere co-deposited with Cr, and
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Figure 7. Infrared spectra in the 1650100 cn?! region for laser- Figure 9. Infrared spectra in the 1630510 cn1? region for laser-

ablated chromium reaction products with 5%ikineon using different ablated chromium reaction products in solid hydrogen: (a) deposition
laser energies at the sample: (a) ablation at 10 mJ/pulse for 60 minWwith pure H at 3.5 K for 25 min, (b) after 10 min broadband photolysis,
with deposition at 3.5 K, (b) aftet > 240 nm photolysis, (c) ablation (c) after annealing to 6.5 K, (d) deposition with pure HD at 3.5 K for

at 15 mJ/pulse for 60 min with deposition at 3.5 K, (d) after 2880 25 min, (e) after 10 min broadband photolysis, (f) after annealing to
nm photolysis, (e) ablation at 30 mJ/pulse for 60 min with deposition 6.5 K, (g) deposition with 85% jHand 15% D at 3.5 K for 25 min,
at 3.5 K, and (f) afted > 240 nm photolysis. (h) after 10 min broadband photolysis, (i) after annealing to 6.5 K, (j)
after 10 min broadband photolysis, and (k) after annealing to 7 K. (L)
045 (D,),C1D, denotes an isotopic dihydrogen ligand.
0.08 (C1Dy), cm™1, respectively’. The geometry and frequency of CrH have
(€D, | (D,)CrD /\ been extensively explored with MCSCF/MRCI and other
0.06 (DCD / @ theoretical methods, and our DFT calculations are in excellent
3 wo.ae agreement.
£ 0.04 CrD, When one H molecule is added to CrH, the coplanar,H
80 e | © CrH complex with6A; ground state is predicted to be the
< ~(D,),D" 0.15 (D)CrD energetically lowest-lying isomer. In this complex the-Et

bond is elongated by 0.024 A and the -@t stretching
frequency is red-shifted by 20 crhcompared to free diatomic

0.02 M ©
H —“J-L @ CrH (B3PW91 calculation). At the same level pyramidal grH
0.00 0.001 A with the4A ground state is 20.5 kcal/mol higher in energy than

2900 2800 2700 1150 1050 950 (H2)CrH, and the C#H bond length for Criis much shorter
than that of diatomic CrH. As a result the-& stretching mode
Figure 8. Infrared spectra in the 293650 and 1186920 crt €S more than 100 cni higher?2 Similar results were found
regions for laser-ablated chromium and Eeaction products in a with MP_2 calculations. This suggests thatJ&rH should be
deuterium matrix: (a) deposition with pure, Bt 3.5 K for 25 min, (o)~ formed instead of Crki
after annealing to 7 K, (c) after 10 min broadband photolysis, and (d)  As for the CrH molecule, the geometries, electronic states,
after annealing to 8 K. and vibrational frequencies have been investigated extensively
with CISD and CCSD(T) methods, and the béBi electronic
new product bands were observed with different relative ground state was predictédOur DFT and MP2 calculations
intensities. The 85% ki 15% D, sample spectrum is shown in  are in excellent agreement with previous theoretical studies. Two
Figure 9g: the strongest feature at 1523.5 &increased with conformers, the (BCrH, complex and Cridtetrahydride, are
increasing H percentage and new 1525.4 and 1521.9°cm  considered when His added to Crld The high-spin coplanar
satellite absorptions increased on photolysis and decreased orfH,)CrH, complex with the?A; ground state lies lower in energy
annealing, which favored the 1523.5 chifeature. Weaker  at both DFT and MP2 levels of theory, which is in accord with
absorptions were observed at 1573.9 and 1553.Zciphoto- CCSD(T) calculationd!® It is interesting to note that the
lysis increased the 1573.9 cmband and produced a new geometry of the Criimoiety in (Hy)CrH; is changed dramati-
1579.3 cm? peak, which was stronger with increasing D  cally from free CrH by coordination of H: the Cr—H bond is
percentage. Subsequent photolysis and annealing cycles (Figurelongated by 0.06 A and the HCrH bond angle is increased from
9j,k) had the same effect. Similar deuterium counterpart 111.3 to 171.7 based on DFT predictions. The-HH distance
absorptions were observed at 1106.7 énwith satellites at 0.792 A is longer than free Hand H-H (0.765 A) in (H)-
1108.4 and 1105.1 crhand weaker bands at 1131.5 and 1120.3 CrH, indicating that the interaction between Bnd CrH is
cm . In addition, a photosensitive band is observed at 3972 very strong. The optimization of CrH, on the triplet potential
cm~tin pure hydrogen, which is due to g{H". energy surface leads to th&, tetrahydride Crlj, which is 25.5
Calculations. DFT and MP2 calculations are done for kcal/mol higher in energy, and the €H stretching frequency
chromium hydrides and hydrogen complexes, and the calculatedpredicted at 1830.2 cm is 300 cnt?! higher than that in the
results are summarized in Tables 2 and 3. The ground state oA (H,)CrH, molecule. Note that MP2 calculations are in very
CrH is predicted to b&=* and the 1.647 A bond length and  good agreement (Table 2). This energy separation is 38.5 kcal/
1642.0 cmit Cr—H stretching frequency calculated at the mol at the CCSD leveltP
B3PW91/6-31%+G**/SDD level of theory are close to the Similar higher chromium bis-dihydrogen complexes are
latest gas-phase experimental values of 1.655 A and 1656.1calculated as two Hmoieties are associated with GrHThe

-1
Wavenumbers (cm )
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. Hz\om . s atoms with H in excess argon at 3.5 K (Figure 1). This band
=22 4 =t 0765 /\C}-—H Ay increased slightly on first annealing and then decreased on
1693 further annealing, but increased markedly on broadband pho-
tolysis. The B counterpart for this band at 1158.7 chyives
H/D isotopic frequency ratios of 1.3837. With HD and+D»,
x \ 1637 S these two bands are in exactly the same position as in the
/ci,llmh605 A CH) s B, separate kland D, experiments. The isotopic doublet and H/D
H ratio are appropriate for the diatomic molecule CrH. This
H absorption is in good agreement with the recent gas-phase
H fundamental frequency of 1595.1 chf Our calculations
predicted the harmonic diatomic CrH stretching frequency at
H H 1642.0 cmt (B3PW91), which is higher than recent MRCI
mo|"” Sa, L 731,’\"701 SA calculation8 but in good agreement with experiment. The CrH
T\FC<T‘”“ 0‘792T iy . molecule was not trapped in solid neon owing to formation of
H/ o s the (H)CrH complex.
} The 1547.5 cmt! argon matrix band (Figure 1) appeared on
H H deposition, increased markedly on annealing, but decreased on
broadband photolysis and restored the original 1603.31cm
H - H o a_bs_orption. The band s_hifts tQ 111_4.3t1nwith D, in_ argon,
1%/9w6 s / \ P giving the 1.3888 H/D isotopic ratio. In HD experiments the
Cr ' Cr mﬁ/@; Cr~ 1665 upper H band is red-shifted 0.5 cfnwhile the lower D band
\ / H 1;;:\ ﬁs is_ blqe-shiﬁed 0.4 cmt, indicating Cr-H (D) stretching _
H g . vibrations slightly perturbed by another HD molecule. Experi-
u H Ag ments with H+D, gave two broad bands centered at 1546.7
Figure 10. Structures calculated using B3PW91 and 6-8315(d,p) and 1114.8 cm!, where each band is possibly due to two
for H and SDD for Cr. Bond lengths in A; angles in deg. overlapped absorptions. The above absorptions must be con-

sidered for the (B)CrH complex: the broad bands iny#HD,

are due to (K)CrH and (B)CrH in the upper region and @gh
global minimum appears to be f€rHx(H2) (°A1) with Cy, CrD and (B)CrD in the lower region. The Hmoiety in (H)-
symmetry (slightly distorted from the planéx,, structure) at CrH is eliminated on broadband photolysis, and as a result the
both the B3PW91 and MP2 levels of theory. An all-electron band due to isolated CrH is produced. The 1548 timand
calculation (B3PW91) gave virtually the same minimum energy first assigned by Weltner et &tto CrH must be reassigned to
structure and frequencies. This result is not in agreement with the (H)CrH complex, which is red-shifted 55.8 cifrom
early QCISD(T) calculations, where @GfH,); with Cz, sym- isolated CrH.
metry was proposed as the energetically lowest-lying spé&les.  The assignment of BCrH is further supported by neon
As shown in Figure 10 the HCr—H linkage in (H)CrHz(Hz) matrix observations of weak bands at 1561.8 Emith H, and
is linear and two HHmolecules are coordinated on opposite sides 1122 5 cmt with D, (1.3888 ratio). Counterparts for these bands
of Cr as ligands. On the singlet potential energy, surface in Hp are observed at 1558.9 and 1123.4 &mand with H-+D,
optimization of this molecule with DFT leads toGa, Cr(H,)s at 1558.2 and 1123.1 crh respectively. Clearly due to the
complex, which is 53.3 kcal/mol higher in energy. This strong perturbation of H, the small red-shift for the upper €H

n2-comple>§9§6analogous to the distort€d, prism structure  gtretching and blue-shift for GiD stretching modes are also
calculated>1% for WHg, but the H-H bonds are substantially  opserved in neon. Note the fate of this band in neon is quite

shorter (0.973 A). However MP2 calculations find the trigonal unlike that in argon: the neon matrix bands reduced on
classical hexahydride Cé{analogous to Wi)*#with shorter annealing, decreased on photolysis, and never restored on further
Cr—H bonds (1.465, 1.499 A) and longer distance (1.636 annealing.

A), which is 41.0 kcal/mol higher in energy than gbCrH,

(Table 2). This suggests that the,JCrH, complex should be In pure deuterium isolated CrD is not observed, but a strong

observed instead of CeH 1119.0 cn! band appeared on deposition, decreased markedly
. ' . . on broadband photolysis, and increased slightly on further

In view of the k_nown teno!enmes .Of MP2 to overestimate and annealing (Figure 8). The pure hydrogen counterpart at 1555.4
DFT to underestimate the interaction between the dihydrogen cm-! (Figure 9) defines a 1.3900 H/D ratio. These bands
mole_cule and metal co_mplexé§?5we also employ the B3LYP between the argon and neon matrix values are assignea@)o (H
functional for comparison of ()JCrHz and (H).CrH,. The CrH and (B)CrD. The pure HD experiment gave sharp new
results are listed in Tables 2 and 3. _ bands at 1554.6 and 1120.8 chiratio 1.3870) for (HD)CrH

Finally, DFT calculations were done on two dichromium 54 ip)crD, and mixed WD, experiments gave broader bands
species, namely dimers of CrH and GriThe distorted high- 541553 and 1120.3 ch The formation of a high yield of
spin structures shown in Figure 10 were obtained. (D2)CrD in pure deuterium made possible the observation of a
weak associated 2710.6 ciband for the B-D stretching
mode.

The chromium hydride products and complexes will be  B3PW91 and MP2 calculations were done for)ErH and
identified from isotopic substitution and from the comparison the frequencies are listed in Table 3. The strongest mode for
of results from solid argon, neon, hydrogen, and deuterium, andthis molecule is () Cr—H stretching computed at 1622.7 cin
quantum chemical calculations. and (D,)Cr—D stretching at 1157.8 cnd (B3PW91). Further-

CrH and (H,)CrH. A weak absorption at 1603.3 crhis more the (R)Cr—H stretching mode is predicted to red-shift
observed after initial co-deposition of laser-ablated chromium 0.5 cnt! and (H)Cr—D stretching to blue-shift 0.5 cm, which

Discussion
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reproduce the observed values very well. Furthermore, thle (H
CrH complex is predicted to red-shift the €& fundamental
19.3 cnt?, which is less than the observed 55.8¢med-shift.
Finally the 2710.6 cm! band for the B-D stretching mode in
(D2)CrD is lower than predicted by DFT. It appears that DFT
underestimates the strength of the-IrD interaction.

CrH» and (H,)CrH ,. The absorptions due to Cghih argon
at 1614.5 and 1650.9 crh are basically the same as the
frequencies reported by Xiao et'@lHence, the bands assigned
to CrH, by Van Zee et al.are probably due to a weak {4
CrH, complex. Only the stronger antisymmetric-GH stretch-
ing frequency for Cri is observed in solid neon, at 1627.7
cm1, which is a reasonable matrix shiftthis band is displaced
to 1180.0 cmit with D,. The HD spectrum gave two new sharp
bands at 1641.8 and 1186.7 thwhich increased together on
A > 380 nm photolysis (Figure 5) and characterize this £rH
vibration. Our B3PW91 calculations predict a strongemiode
at 1676.5 cm! and a weaker;amode at 1692.2 cni: the same

systematic overestimation of frequencies was found for CrH.

Wang and Andrews

Note that H-+D, experiments give the strorfd\; complex
bands slightly shifted at 1523.6 and 1108.0¢ras before but
also weaker HD counterparts at 1576.5 and 1133 4'¢Rigure
6). In like fashion, the HD experiments give the latter bands
but also weaker bands at 1524.1 and 1108.2cifihese slight
shifts are due to small secondary isotopic effects from the
complexing dihydrogen relative to the pure isotopic species.
Of more importance is observation of the Grldnd CrQ}
complex bands using HD and the CrHD complex bands with
H,+D,. This indicates isotopic exchange between the chromium
dihydride and dihydrogen portions of the complex through a
symmetrical energized [Cifff intermediate produced in the
initial reaction. When excited Cr forms [CgH and then the
[(D2)CrH,]* complex, rearrangement to tetrahedral [GEH]*
follows, some of which can relax to theA; (HD)CrHD
complex.

Note that the 1525.8 cnd band for (H)CrH, is substantially
broader than the sharp 1627.7 thCrH, absorption in solid
neon. This may arise from hindered rotation ob)tdbout the

However the MP2 method gives higher frequencies compared C, axis of the complex. The position of the {Higand in the

to DFT calculations, but the CCSD frequenéiésare nearly
the same as DFT for tH8, ground-state molecule. These CrHD
absorptions in neon are 14.1 and 6.7 érabove the strongzb
CrH, and Cr» bands, which agree with 13 and 6 thn
differences calculated by CCSB (the analogous B3PW91
differences are 7.6 and 2.6 ci). Excellent agreement between
the observed Cril CrHD, and CrB band positions and
theoretical predictions supports the assignment to isolated. CrH

The strong band at 1581.2 cfobserved in solid argon after

(H2)CrH, complex is not as precisely defined as the structure
of the CrH: subunit.

(H2)2CrH,. On further annealing the 1525.8 cinneon
matrix absorption decreases and a sharp 1529.5! gmeak
appears (Figure 4). Annealing withy [ solid neon transformed
the initial 1107.6 cm?® product to a sharp 1112.2 cthpeak
(H/D ratio 1.3752). With HD in neon, annealing produced sharp
peaks at 1583.4, 1530.9, 1137.1, and 1113.0%¢cand almost
identical sharp peaks formed at 1583.3, 1530.8, 1137.0, and

deposition increased slightly on annealing to 20 K, but decreased1112.8 cni! using H+D,. These bands are due to CrHD, GrH
on further annealing to 30 K. This absorption shifts to 1139.4 CrHD, and CrD3 subunits, respectively, in a new complex.

cm~t with D, in argon, and the H/D isotopic frequency ratio is
1.3877. An experiment with $H+ D, gave two broad bands;

the upper band is 0.3 crh red-shifted and the lower band is
0.2 cnm?! blue-shifted from the bands observed in &hd D,

Accordingly we identify the linear Cridsubunit in theeA; (Hy)-
CrHy(H) complex, which we find by DFT to be the most stable
form for CrHs. Our calculations predict this strong imode 20
cm~1 above the pmode for (B)CrH, and 133 cm! below the

which indicate that the mode is perturbed by a hydrogen b, mode for CrH, which are in good agreement with the

molecule. In the HD experiment a new band at 1171.9%cm
shows the same behavior as the 1581.4 and 1139.5! cm
absorptions in this experiment and is due to one CrHD

observed neon matrix bands.

In similar W/H,/Ne experiments, annealing increased yVH
absorptiong,and we expect the Cg-stiochiometry to form in

counterpart where the other CrHD absorption is masked by waterthe present experiments. We have no absorptions in the-1800

at 1623.9 cm'. These bands are due to a Gribration and
are assigned to a weak {HCrH, complex involving the Crid
(°B2) ground state. Observation of the 1581.4 and 1139.5.cm
bands for (B)—CrH, and (H,)—CrD,, respectively, in the HD

2400 cnmt?! region where Crnf2-H,); and trigonal Crid are
calculated to have strong absorptions (Table 3). Hence, the
present experiments provide strong evidence for the formation
of CrHg here in the nearly planar bis dihydrogen complex){H

experiment shows that an activated intermediate is involved that CrH,(H,) structure.

allows exchange of hydride and dihydrogen positions.

Pure hydrogen and deuterium gave strong 1521.3 and 1106.9

The strongest solid neon product band in this region appearscm~ bands (ratio 1.3744) whereas pure HD gave strong 1574.2

lower at 1525.8 cmt. The band doubled on photolysis and shifts
to 1107.6 cm® with D (Figure 4), giving a similar 1.3776 H/D

and 1131.7 cm! absorptions (ratio 1.3910) and weaker 1522.8
and 1107.9 cm! absorptions (ratio 1.3745). Mixtures of end

isotopic frequency ratio and reveals new HD counterparts at D, produced new split absorptions in the 1523 and 1107'cm

1576.4 and 1133.4 cmd (Figure 5). These observations
characterize a Crivibration. Ma and co-workers found the
strong®A; (H,)CrH, complex to be the most stable Cyspecies

regions, and the important conclusion is that these,Guitl
CrD, stretching modes exhibit sufficient splittings to require
more than one (namely two) perturbing dihydrogen ligands. The

and predicted the strongest infrared band, the antisymmetricstrongest 1523.5 cm band increases with +percentage and

CrH; stretching mode, to red-shift 67 cifrom the®B, ground
state CrH (TZP CISD level)!? Our 1525.8 cm! neon matrix
band is assigned to this strofg; (H,)CrH, complex, which

is 102 cnT! below isolated Criiin solid neon. The slightly
shifted 1581.2 cm! band in solid argon is probably due to a
weak (H)—CrH, complex with the®B, ground state. Xiao et
al 1o first proposed that the “b” satellite bands for Gritere
due to (H)CrH,. However Ma et al. find that theB, ground
CrH;, state is slightly repulsive for attachment of one dihydrogen
ligand P hence our designation is a weak complex.

is probably due to (B)>CrH, in the H/D, matrix which is 2.2

cm-* higher than in pure K The 1525.4 and 1521.9 crhbands
increase on photolysis and decrease on annealing: 1579.3 and
1574.2 cmi! bands also increase on photolysis in the CrHD
stretching region. Accordingly, the 1525.4 cthiband involves

an HD ligand and is probably due to (HDY}rH,, and the
1521.9 cm! band is likely due to (B)(H2)CrH,. With pure HD

the 1522.8 cm?! band is due to (HDXCrH,. Exchange between

the dihydrogen ligand and matrix cage apparently occurs on
annealing. Exchange also occurs between the dihydride and



Chromium Hydrides and Dihydrogen Complexes

dihydrogen ligand as weaker gQrHD bands are observed with
H./D, and weaker (k)CrH,, (L).CrD, absorptions are formed
in pure HD.

In an early investigation of reactions of Cr with h krypton
and argon matrices, strong absorptions at 15105 ¢Kr) and
1513.0 cm? (Ar) were observed® Based on isotopic shift
patterns these bands were assigned to chromium trihydridg CrH
Later ab initio frequency calculations predicted themode
for CrHz to be 200 cm? higher than the experimental assign-
ment}? and the same result is found by our theoretical
calculations. The observed bands at 1510.5 cifKr) and
1513.0 cn1! (Ar) are probably due to the higher £ACrH,
complex described here.

Polynuclear Chromium Hydrides. The most prominent
band at 1335.0 crt in the lower frequency region increases
on photolysis as does the 1525.4 ¢nfH,)CrH, absorption.
However the 1335.0 cmt band increases markedly (from 1/9
to 1/3 to 2/3) relative to the 1525.4 crhband with increasing

J. Phys. Chem. A, Vol. 107, No. 4, 200377

is slightly exothermic, and no activation energy is required.
However this reaction is reversed by broadband photolysis in
solid argon (Figures 1,2). Recall that{l@rH is more stable
than CrH, and CrH is not observed in these experiments.

CrHC=") + H,— (H,)CrH (°A)
AE = —1.2 kcal/mol (B3PW91) (3)

Likewise CrH is coordinated by Kto form (H;)CrH, and
(H2).CrH; species, and the latter is favored in pure hydrogen
Ma et al. point out that bent ground-state GIFB,) is weakly
repulsive to one kK molecule, but that the line@A; excited
state does attractzand that CrH (A1) is 38.5 kcal/mol higher
in energy*® Hence (H)CrH, and not CrH is observed in these
experiments. However, we find that two,Hnolecules are
attractive to ground-state CgHand the most stable CgH
structure, (H)CrHx(Hy), results on annealing solid neon to 12
K to allow diffusion and reaction of trapped,Hreactions 5

laser energy (Figure 7), which increases the Cr atom concentra-and 6, which are exothermic—¢.1 and —4.2 kcal/mol,

tion. Two other bands at 1244.0 and 569.8 ¢értmack with the
strong 1335.0 cm! band. The strong deuterium counterpart at
971.6 cnt! has associated bands at 1148.8 tat 932.6 cm?.,
These bands are found at 1144.8, 971.2, and 9312 icnpure
deuterium and at 1578.4 and 1336.6 ¢énn pure hydrogen.
The dihydrogen counterpart for the 1148.8 ¢nband is
predicted under water, and growth of a 1599 émshoulder
absorption is in accord.

Since CrH is the major primary product, calculations were
done for (CrH),, and the most stable isomer located is the
distorted rhombus@,) structure in Figure 10. Notice that this
structure is a confederation of Cgt$ubunits. The strongest
frequencies predicted at 1672.5, 1364.8, and 1134.9' are

respectively) at the MP2 level of theory.
CrH,(°A) + H,— (H,)CrH, (°A))
AE = —3.1 kcal/mot™ (4)

CrH,(°B,) + 2H, — (H,),CrH, (°A,)
AE = —0.2 kcal/mol (B3PW91) (5)

(H)CrH,(AY + H, — (Hy),CrH, CA)
AE = —7.2 kcal/mol (B3PW91) (6)

A difference between argon and neon is apparent here. Appar-

in the region of the strongest bands observed here. Theently, the excess energy imparted by laser-ablated Cr into the
agreement is acceptable considering the difficulties in modeling CrHz product of reaction 2 is efficiently relaxed by condensing

a high-spin dichromium species.

argon so that only the weak §H-CrH, (°B,) ground-state

Other dichromium species are observed in this region. The complex is formed, but in neon the stable product of excited

tracking bands at 1377.7 and 1299.9¢nD; counterparts at
994.2 and 950.0 cm) are due to a dihydride subunit in a larger
molecule that cannot be identified. We find no evidence for
bridging hydrogen vibrations, computed in the 8aa.00 cn1®
region. However, the high-spin (Critjimer predicted to absorb
strongly at 1097.4 cmt might complex dihydrogen and shift
into the region of observed absorptions.

Reactions of Cr atoms in Solid Ar, Ne, Hydrogen, and
Deuterium. The CrH and Crk absorptions are produced only

CrH, (°A,) reaction 4, (H)CrH, is trapped. Hence condensing
neon quenches excited Grltess efficiently than condensing
argon and allows the stable {f€rH, complex to be formed.

It is interesting to note that the final stable structure formed
on annealing for chromium hexahydride is Grebordinated
by two H, ligands on opposite sides of linear Gthivhich is
the dominant product in pure hydrogen, and that {Ji¢$ higher
in energy. Additional splittings in pure #D, and pure HD
experiments require two dihydrogen ligands. It appears that

on deposition or sample photolysis, and they do not increaseexchange occurs between the matrix cage and dihydrogen
on annealing, suggesting that reactions of chromium atoms with ligands on (H).CrH; in mixed pure H/D, experiments. A

H, are endothermic and activation energy is required. Our Similar bis-dihydrogen complex has been observed for,CrO
B3PW91 calculations predict that both reactions 1 and 2 are but the H ligands are on the same side of the bent £nGst
endothermic. Hence, energetic laser-ablated Cr atoms havemolecule®® The distorted trigonal prism Cigbtructure is 41.0

sufficient excess energy to activate the-H bond and give
the CrH and CrH products, which have been trapped in low-

kcal/mol higher at the MP2 level, and the tris-dihydrogen
complex Cr?-H,); is 53.3 kcal/mol higher at the B3PW91

temperature matrix samples. Considerable excess kinetic energyevel. For these higher energy Gybpecies, MP2 finds stronger

is available in laser-ablated metal atofignd there are a host
of excited Cr metastable electronic stdfethat can activate
reactions 1 and 2. Reaction 2 is also promoted. 3y 380 nm
radiation, which likely provides the P, excited state (425 nm)
of Cr for immediate reaction with #

Cr(’S) + H,— CrHEZ) + H  AE = 54.0 kcal/mol (1)
cr(’s,) + H,— CrH, (°B,) AE = 10.2 kcal/mol (2)

The CrH species is very reactive and rapidly combines with
H, on annealing to give the ¢y CrH complex, reaction 3, which

binding of hydrogen and more elongation of the-H' reagent
bonds (Table 2), which is in accord with findings for other
complexes#35

We found isotopic scrambling in CrH, (and (H)2CrHy)
on deposition and on ultraviolet photolysis, which provide
energetic Cr atoms for reaction. This means that sufficient excess
energy is available to produce the excited [G]it+Epecies on
the triplet potential surface where all atomic positions are
equivalent. The [CrkD,]* intermediate can be formed from
H,+D, and from 2 HD molecules, and when [GiBb]* is
relaxed all three complexes (HD)CrHD, {}€rD,, and (DBy)-
CrH, are trapped. Similar isotopic scrambling has been observed
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for rhodium and group 3 transition metal hydridé4?

lax

Cr* + H, + D, — [CrH,D,]* ——= (HD)CrHD (7a)
(7b)
(7¢)

— (H)CrD,
— (Dy)CrH,

Evidence is presented for dichromium species, and the{grH
dimer is more stable than two CsHnolecules by 28.9 kcal/
mol.

2CrH,(°B,) — CrH,(°Ay)
AE = —28.9 kcal/mol (B3PW91) (8)

Conclusions

Laser-ablated Cr atoms react with té give CrH and CrHl
as primary products, which react further with kb produce
the (H)CrH, (Hy)CrHy, and (H).CrH, complexes in solid argon,
neon, hydrogen, and deuterium matrices. Absorption fe)-(H
CrH at 1547.5 cm! in argon is the major product: this
absorption shifts to 1561.8 crhin neon and to 1119.0 cth
in deuterium. A weak (RB—CrH, complex involving 5B,
ground-state Crklis observed at 1581.3 crhin argon, and a
strong (H)CrH, complex fA;) in neon at 1525.4 crmi. A major
absorption at 1529.5 cm after annealing in neon is due to

(H2)2CrHs, the bis-dihydrogen complex, which is the most stable

form for CrHs. This complex is observed at 1521.3 thin
pure hydrogen and at 1106.9 chin pure deuterium as (D»-
CrD,. The trend of dihydrogen complex structure fop)4€rH,
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to hydride structurefor WHe is observed for other grous.
The (H)CrH complex with lower energy compared to GrH
is trapped in matrices and no band is observed forsCiHis
result is in accord with recent theoretical investigatiéh&and
requires reassignment of bands in an earlier matrix isolation
study?0 Likewise (H;)CrH; is lower in energy than Criiand
accordingly (H)CrH; is observed here although the excited
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most stable structure for chromium hexahydride is the bis-
dihydrogen complex, (B)2CrH,, which has been identified by
isotopic substitution on the matrix infrared spectrum and
theoretical investigations (DFT and MP2).
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