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The catalytic activation of C-H bonds in small hy- * e oo ayant
drocarbons, particularly methane, is a reaction which is NYAG |

. g . . . . aser
of significant technological interest, as it allows valu- 532 nm W & ion detector

able, functionalized products to be made from plenti-

ful, cheap feedstocks. However, even on well charagrar gas
terized platinum surfaces determination of the details of"*°
methane activation, in particular the earliest steps, ré-,.
mains difficult. [1, 2] Challenges include the weak ph-
ysisorption of molecular methane on platinum surfaces,  target
its ready dissociation and the difficulty associated with

determining H atom positions in many surface exper- lig. N, m
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iments, as H atoms are weak scatterers of X-rays or £=300 mm
electrons and have no electronic core levels. [3] De-
spite these challenges, Yoshinodiual. have used in- Figure 1: The crossed-beam experimental setup.

frared reflection absorption spectroscopy to show that

CHj adsorbed on Pt(111) has at most €ymmetry. [4] o ] )

Ostiom et al. have determined the adsorption geom@{€s, can therefore provide important information about

try of methane on Pt(977) [5] using X-ray absorptioﬂ‘e" structures and benchmark data for theory.

spectroscopy, reporting methane to bind via a single H Recently, we have demonstrated the possibility of

atom, though they were unable to determine whettf€fming reactive intermediate species under thermal-

it was bound atop or in hollow sites. Partially delzed conditions in a flow reactor. [16] This approach

hydrogenated reaction intermediates/products includivgs unsuccessful for the RCH, system due to rapid

methyl, methylene and methylidyne have been extedehydrogenation of the GiH apparently occuring in

sively studied (see for example [6]). the metal plasma generated during the laser ablation
The reactions of methane with platinum atoms afocess. Here, we use a different method to stabilize

clusters have been studied in some detail. [7] In t§@mplexes along the entrance channel of the gas-phase

case of small ionic clusters reacting with gkin- reactions, specifically BtsCHy, which allows their

der single collision conditions FfC,2H]™ complexes SPectroscopic characterization. This is achieved by lig-

were found to be the favored products. [8—10] Thef#ld exchange between Glnd Ar on cold pre-formed

have been a number of computational studies of tR&Ar T, complexes:

interactions of platinum clusters [11-13] and surfaces

[5, 14, 15] with methane, primarily using density func- PtAr, + CHs — PthArm_oCHy + pAr.

tional theory (DFT). Such calculations are challeng-

ing, due to the large system size, number of electrons The modified experimental setup is shown in Fig 1.

and possible paths, and the fact that several electroRlatinum clusters are formed by laser ablation from an

states and crossings between them may need toidmopically enriched®*Pt target. Adding 0.2% Ar to

treated. [13] Experimental spectroscopic characterizhe He carrier gas and cooling the thermalization chan-

tion of these species, particularly the reaction intermediel to 180 K yields a distribution (without Clof clus-

" - ; ) ters PﬁArais. For experimental details see Ref. [17].
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agreement with earlier experiments under single cd@Hs; and CH, species. To aid in the structural identi-
lision conditions. [8-10] Similar changes in reactivfication we have also performed DFT calculations on
ity with argon coverage, from rapid dehydrogenatiomrange of RC,4H]" species at the TPSS/def2-TZVP
to sticking of CH,;, have been observed for'Rttomic level of theory [21] using TURBOMOLE. [22] The ini-
ions. [18] The Ar coverage dependence of the reactidie structures for the platinum clusters were low-energy
of RhyArt with methane has been investigated in detageometries and spin multiplicities that we have identi-
[19] showing the formation of RI{iC,4H]" and RR[C, fied from a combined IR-MPD and computational study
2H]" complexes, while most bare Ritlusters (except of the small bare Pt clusters. [23] IR-MPD spectra and
Rh)) are essentially unreactive towards methane. Mabke best-matching calculated spectra are shown in Fig-
spectrometry alone cannot, however, provide detailack 2. The modes are assigned based on the motion of
information about the structures of the complexes. the non-bonding H atoms. A range of alternative struc-
tures including partially dehydrogenategh-CH, and
ns-CH4 complexes were also considered, but provide
less good matches to the experimental spectra, exam-
ples are shown in the Supplementary Information.

The experimental spectra of the [C,4H] complexes
have features in the range 1140-1560 énconsistent

.
Pt,CH,AT,

100 A, O with symmetry induced splitting of the (1534 cm?)
i 9< O | andt, (1306 cn1!) vibrational modes of free methane.
0 7 O . The broad splitting, particularly fon=4,5 suggests a

significant degree of activation of the C-H bonds in
the complexes. Far=3 the calculated spectrum which
best matches the experimental spectrum is not that of
the lowest-energy isomer we have found, a partially de-
hydrogenated species, but of molecularly adsoniped
CHg4, bound by two H atoms to one Pt atom in the
cluster. Fom=4, the molecularly bound species is the
lowest-energy structure we have found, while g5,
molecularly and dissociatively adsorbed species are es-
sentially isoenergetic. In both casep-CHs molecu-
larly adsorbed species provide the best matches to the
experimental spectra. In the trigonal bipyrami@* Pt
there are two distinct types of Pt atomme. 3- and
4-coordinate, to which the CHcan bind. The calcu-
lated total energies in these sites differ (Cbh a 4-
coordinate Pt atom is 0.29 eV higher in energy) but the
calculated frequencies and relative intensities are rathe
similar, making it difficult to determine which site is fa-
vored.

————— Overall, the agreement between theory and experi-
600 800 1000 1200 1400 1600 Ment is good fon=4,5, matching the number, position
Wavenumber / cm”! and relative intensities of the bands. The agreement
for PECH, is less good than for the larger clusters,
Figure 2: Experimental IR-MPD spectra oftBHsAr  but a similar blue-shift of the inteng®, feature around
(n=3-5), monitored by depletion of the parent ion signal in400 cnt? is observed in both the experimental and cal-
all cases. The most intense peaks correspond to a decrggigted spectra. The structures we identify are similar
of approxma@ely 60 % in the pareqt signal. The gxpeflmen@ those predicted for E@Hj{ [11] and PRCHI- [13]
data (grey points) are smoothed with a 9-point binomial aver- . . .
age. The calculated structures and spectra, with assignments!n Order to investigate the degree of activation of
which provide the best match to the experiment are shown € C-H bonds in the complexes we have compared the
the PRCH; complexes. The calculated vibrational frequerthanges of the C-H bondlengths with those of small
cies are scaled by a factor of 0.97. hydrocarbons. The most activated, tertiary, C-H bond
in iso-butane has a bond length of 1.1&2while free
In the present study, experimental vibrational specH, has bond lengths of 1.087 a change of the or-
tra of PhCHsAr{_, complexes are obtained betweegder of 0.03A. [24] The most activated bonds in the
650 and 1600 cm' by infrared multiple photon dis- n=3,4,5 complexes are calculated to be 143.13A
sociation (IR-MPD), using the Free Electron Laser fand 1.148 respectively, while the 'unactivated’ bonds
Infrared eXperiments (FELIX). [20] This range covand free CH are all 1.09A. Such elongation, up to
ers the characteristic C-H deformation modes 0f2CI-D.06A, of the C-H bonds in the complex demonstrates

and experimental / arb. units cross section
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The structures we have identified for methane ad-
sorbed on small clusters have different binding geome-
tries to those identified on extended platinum surfaces.
[5] Despite this, the dehydrogenation reaction pathways
appear to be similar, and our findings support the model
of De Witt et al. in which dissociative adsorption of
methane on Pt proceeds via a shallow minimum with
similar barriers to dehydrogenation and desorption. [2]
The experimental dissociation channels and calculated
C-H bond activation correlate well with the results of
previous FT-ICR reactivity studies, with Pshowing
less activation and much lower activity for dehydro-
genation. The observation that the C-H bond activation
is distributed over two bonds on the cluster, with a cor-
responding reduction in the degree of activation of each
bond, may explain the previously noted reduced activ-
ity of supported Pt nanoclusters compared to extended
Pt surfaces. [2] This reduced activation may, however,
be an advantage, allowing greater control over the reac-

-1
Wavenumber / cm

Figure 3: Absolute differences in mass spectrometric inten-
sity following IR-MPD for 4 and 5 atom Pt clusters.

tivity of methane on nanostructured catalysts.
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StretC-H Me-H: Methane activated by adsorption on
small platinum clusters is characterized by the vibra-
tional fingerprint of the cluster complex.

Keywords: C-H bond activation, clusters, molecular
beams, platinum, vibrational spectroscopy
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Density functional theory (DFT) calculations have been600 R O A ]
carried out in an effort to determine the low-energy |
structures of the REH, clusters and to provide cal- | @{*O ‘
culated IR spectra for comparison with the experimen- | Ao O
tal results. The calculations were performed using,
TURBOMOLE v6.0. [22] with the TPSS exchangeg | »
correlation functional [21] and def2-TZVP ECP (fo | UQ i
Pt) and basis sets. [] The resolution of the identity a- | o O &3 doublet (008 ¢)
proximation (RIJ) was used to speed up the calcufds,,| - ,
tions. [26, 27] Harmonic spectra were calculated an- | %QO

O

3-9 doublet (0.38 eV)1

alytically, the frequencies were scaled by a factor of
0.97, after comparison between experiment and the- | 3-4 doublet (0.0 eV)
ory. The stick spectra were convoluted with a Gaus- (| AN\ /\_»

sian line-shape function of full width at half maximum ;
height of 20 cnm? to aid comparison with experiment.
The initial structures used for the bare platinum clus-
ters were low-energy geometries and spin multiplicites Loy~
that we have identified from a combined IR-MPD and 800 :A‘;;’i’enumb;f/"gm,1 1400 1600
computational study of the small bare Pt clusters. [23]

A range of different input geometries and spin multi=igyre 4: Comparison of the experimental spectrum of
pIiCitieS were considered for local optimization for th@t3CH4Ar§L and calculated spectra for some isomers of
PtCH; complexes, including various molecular adPCH, . The calculated cross sections are in kmnobff-
sorption sites and geometriefi (n2,n3,) and partial de- set for clarity. The experimental spectrum is in arbitrary units.
hydrogenation (methyl and methylene plus H atom(s)he calculated structures, spin multiplicities and relative en-
Then: andns binding geometries were unstable, cokrgies are also shown.

lapsing tonz during optimization. The spectra and rel-
ative energies for a range of the structures we found arg,
shown below. As the complexes in the experiment are
formed in a way in which kinetic control may be more
important than energetic factors, it is not surprising that
lowest-energy structures we found in the calculations
are not always those that we identify spectroscopically.2%°

PtsCH spectra

Figure 4 shows calculated structures, relative energ—@a%o _\Td’CHa doublet (0.44 eV) A

and spectra for several isomers of;(E’It-Ij. The two 2 I

lowest-energy structures are both insertion complexgs, | 2N |
with CHs groups. In the region covered by our ex- 5{ I |
perimental measurements their spectra are rather sim- | o “ N
ilar, except for the intense band at 973 dndue to the oSSRt 00V A

bridge-bound H-atom for isomer 3-4. Neither spectrum
provides a good match to the experiment. The two iso-
mers with intact Clj are 0.4 eV higher in energy, but [ PLOHAr,"
provide a much better match to experiment. Isomer3-9 [ . . & ..
provides probably the best match, but 3-11 would alsg ® [ ¥ ™7 W-Wo¥
fit reasonably well, especially if the frequencies are not ™" g0 1000 400 1400 1600
scaled. Wavenumber / cm”'

Figure 5: Comparison of the experimental spectrum of
+
I:>t4CH4 spectra Pt4CH4Ar; and calculated spectra for some isomers of
- PuCH; . The calculated ti in kmnipbff-

For P4CHj, , shown in Fig. 5, the lowest energy struc-t4 4 1 N€ calculated cross sections are in km mo _

h f dis th h b set for clarity. The experimental spectrum is in arbitrary units.
ture we have oun- s they, W osel spectrum eStThe calculated structures, spin multiplicities and relative en-
matches the experiment. The insertion complexes gfgies are also shown.

higher in energy by 0.4-0.5eV. The most intense bands



750

% n-quartet (0.29 eV) 8
e 1 3-4 2tet Energy = -398.2755272765

ol | Pt  -1.3826670 -0.1803833  0.0000000
| Q} | Pt  0.7767930  0.0231692  1.2905785
U0 Pt  0.7767930  0.0231692 -1.2905785
o | O A b-quartet 0.15 &V) | C  -2.2625676  1.6143499  0.0000000
o 0. ] H  -2.8712645  1.6004602 -0.9151984
o #C}%{) A | H  -2.8712645 1.6004602  0.9151984
£ ol a-quartet (0.06 oV) H  -1.5481839  2.4371948  0.0000000
. O /\ H 1.1726288  1.0677015  0.0000000
S ,C}ng’ ] 8
_/\Y O e-quartet (0.04 eV) 3-3 2tet Energy = -398.2726303224

Pt 0.3741169  -1.3542971

"(O@O N k Pt  0.9848942  1.1381061

Om»quana(o.owy@' Pt -1.4013181 0.3835651

| C 0.4779733 -2.2297179

f%CWN{ H -0.0904641 -3.1590804

;f N H 1.5469488 -2.4130248

e — H 0.0411749  -1.6174030

800 1000 1200 1400 1600 H 0.9947334  1.3660559
Wavenumber / cm” 8

-0.1810092
0.0407459
0.0189745
1.6180323
1.4666049
1.7850500
2.4073919
-1.4658750

Figure 6: Comparison of the experimental spectrum &f 9 2tet Energy = -398.2614758899

PCHsAr; and calculated spectra for some isomers &ft 0.0253779 1.3641084
Pt;,CHj{. The calculated cross sections are in kmnipbff- Pt -1.2015508 -0.8102021
set for clarity. The experimental spectrum is in arbitrary unitBt 1.1776683 -0.8515156

-0.0002729
0.0000129
0.0001194
0.0009302

-0.9130045
0.9044184

-0.0406272
0.0653503

The calculated structures, spin multiplicities and relative eg- -0.0169270 3.6175481
ergies are also shown. H -0.0905656 4.2062813
H -0.0014068 4.2272036
. . H 0.9849019 3.0670853
for these isomers are e. 1160 cnt! while they do not I 09806336 5. 9906655
have features at 1550 crh making them a poor match8 ) )
to the experimental spectrum. 3-11 4tet Energy = -398.2591295291

Pt 0.1701912 1.3645617

Pt5CHjlr spectra Pt 1.1616244 -0.8865170

Pt -1.2787719 -0.7711660
We have found several isomers of5eHj{ which lie ~0.6397233 3.5638830
very close in energy. These include tigmolecularly 4 0.1061958 4.3580427
adsorbed complex bound to a 3-coordinate Pt (isomgr  _4 gg13457 3.9399845
m) and several insertion complexes (isomers, and ~0.4959467 2.9463811
b), their structures, spin multiplicities, calculated speg ~0.5918030 3.0177081

tra and relative energies are shown in Fig. 6. We algo

show the calculated spectrum of themolecularly ad- 3_4tet-cha Energ
sorbed complex bound to a 4-coordinate Pt (isomer py 0.0167337 9353471
which is higher in energy. Again, the insertion comg, 1.9116295 7451516
plexes do not provide a good match to the experimenig! 0.1011217  -1.5345070
spectrum, with intense bandscat 1150 cn?. Both of Pt  -1.3261947 0.5674737
the molecularly absorbed species provide good matches _y goo5068  -0.1641491
to the experiment, the significantly lower energy of isqr -0.1599954 0.6595025
merm leads us to suggest it is this one which is likely 0.0463542 -1.1333991
to dominate the experimental population. (Thoughthege  _5 9571201  -0.2168779
are more 4-coord. Pt atoms, which might favor isomgr 0.9648567 -0.0071184
n.) 9

td-CH3-bridge2 2tet E = -517
Pt 0.7974332 1.3486067
Pt  -0.9240853 -0.0413055

. . e Pt -0.8437190 -0.1364505
Cartesian coordinates, iAngstroms, of the cIusterP

structures discussed here t 0.9299108 =~ -1.4316892
’ C 0.4029386 3.3289768

Y

O O

Cartesian Coordinates

-0.0094121
.0043255
.0003129
.05665061
.0526528
.1294743
.9988071
-0.9303888

O O O O O O

-517.6645976030

1.5014472
-0.7266212
-0.4089617
-0.6811186
3.8264298
4.5265785
4.3205352
3.1875098
3.3067900

.6483673317

-0.0102415
1.2619499
-1.3168083
0.0690739
-0.0553775



0.8618224
0.9036745
1.9286935
-0.6650997

ommD- DD

td-CH3-bridgel 4tet E = -517

Pt -1.3707286
Pt 0.2755799
Pt 0.0039617
Pt 1.3467616
C -3.3770681
H -3.7785314
H -3.6486714
H 1.9045263
H -3.6988413

m-4tet Energy =
Pt  -0.0002147
Pt 0.0058440
Pt  -1.3248934
Pt 0.0733497
Pt 1.2492640
C -0.0407061
H 0.0091439
H 0.8569214
H -0.0659721
H -0.9632854

e-4tet Energy =
Pt  -0.0422000
Pt  -0.5271879
Pt 0.7779628
Pt -1.1710713
Pt 1.0120506
C -0.5709789
H 0.2840596
H -0.5319068
H -1.0108504
H -1.5280097

a-4tet Energy =
Pt -0.0040714
Pt -0.0438769
Pt -0.7541098
Pt -0.7021022

Pt 1.4831973
C 0.1683037
H 0.7653349
H 0.6260266
H 1.5282698
H -0.8680505
10

b-4tet Energy =
Pt 0.0227662
Pt  -0.0987350
Pt  -0.8215620
Pt  -0.6253321
Pt 1.5071267

3.7312144 0.8581254
3.6916085  -0.9643731
-0.1615733 0.0830275
3.5521167 -0.0860165
.6466866860
-0.0679065 0.7243164
-1.3556606 -0.7546630
1.2004483 -0.9974222
0.2237287 0.9900653
0.0550478 0.4862789
-0.7846082 1.0714141
1.0206397 0.9370170
-1.0184939 0.0484989
0.0084664  -0.5544789
-637.0299489430
-2.2225093 0.0035457
2.0933678  -0.0279528
-0.0816049 0.6826399
-0.0700796  -1.4893605
-0.0808297 0.8121236
4.3952349 0.2337903
3.7526188 1.1554291
5.0130288 0.2271136
3.8822765  -0.7848108
4.9716203 0.2943798
-637.0283297998
-2.5687113 0.0028629
1.9497077 0.6084033
-0.3490172 1.0669824
-0.3089577 -0.5781374
0.9808735  -1.1443836
3.9661091 0.4946951
4.3272203 1.0781534
4.3257291 -0.5347548
-2.82563902 1.1531993
4.2189956 0.9768989
-637.0279261621
-2.2460262 0.0041389
2.1984740  -0.0022340
-0.0976746 1.2726539
-0.1059416  -1.3045726
-0.0886551 0.0292664
4.2147054 0.0079484
4.5274771 0.8685415
4.5310142  -0.9338523
1.9085921 0.0249602
4.5783244 0.0902808
-637.0243158233
-2.3221055 -0.0078155
2.1081858 -0.0080732
-0.1046004 1.2177357
-0.0703906  -1.3223071
0.0753259 0.1138367

C
H
H
H
H

10

0.
0.
0.
1.
-0.

0951484
6087064
6774005
5487704
9231425

n-4tet Energy =

Pt
Pt

0.
0.
1.

0000669
0001373
2930047

.2891391
.0043740
.0036361
.9661309
.0122180
.9647641
.0263778

.1218748 0.
.3974672 1.
.4607338  -0.
.8087156 0.
.5239491 0.
.0191189414

.1079865  -2.
.1128260 2.
.7822299  -0.
.7886986  -0.
.4751265  -0.
.8479040 0.
.2683513  -0.
.4739354  -0.
.2674763 0.
.4247031 0.

0767723
0101058
7874353
0937019
0506589

1437792
1433665
0008526
0007488
0005608
0316671
0080967
8602998
0336044
9558046



