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Abstract: We present a combined density functional theory, gauge-including atomic orbital (GIAO), in situ
13C MAS NMR, and in situ infrared study of acetylene adsorption on nano-sized MgO powder. Geometries
were optimized using the hybrid B3LYP exchange-correlation functional and tripbesis sets. By utilizing
models of the surface ranging in size from Mg to MgsOg, we optimized geometries for a variety of surface-
bound species on corner and edges sites. No stable dissociation products on the flat, (100)-like surface of an
Mg1.0;2 cluster could be obtained theoretically, in agreement with a previous ultrahigh vacuum surface science
experiment. We also present GIAO-restricted HartiiEeck predictions of th&*C chemical shifts of all species

and their vibrational frequencies. The agreement between theory and experiment is outstanding. Both the
theoretical and experimental results strongly support the formation of an acetylide on the MgO surface, while
an alternative vinylidene species is not present. A minority species was also observed, which both theory and
experiment identify as an ethoxide. This work, the first combined theoretical and in situ NMR study of
chemisorption on a (nonzeolitic) metal oxide surface, suggests that this approach will be very useful for the
future study of catalytic phenomena on metal oxides.

Introduction tion of nonpolar, low-index surface planes; in the case of cubic
MgO (space group-m3m), these are the (100) plane and the
other two identical planes obtained by permutation of the index.
High surface area insulating powders obviously require experi-
mental methods that differ from those used in UHV surface
science. Kheir et dl.have recently demonstrated the NMR
detection of anionic surface species formed by the dissociative
chemisorption of weakly acidic molecules on microcrystalline
particles of basic metal oxides. Nitromethane was observed to
deprotonate to form the aci-anion on MgO and CaO, and an
allylic anion formed from 2-methylpropene on ZnO and MgO.
Infrared spectra of the allylic species on ZnO were also obtained

Metal oxides with Lewis base functionality are catalysts for
a number of reactions including double-bond migration, hydro-
genation and dehydrogenation, dehydration, alkylation, and
condensation of various functional groups. Magnesium oxide
is the most widely studied basic metal oxitfe Ultrahigh
vacuum (UHV) surface science experiments have contributed
to the study of MgO and other basic metal oxidég.o avoid
surface charging, UHV experiments make use of very thin oxide
films grown epitaxially on appropriate single-crystal metal
surfaces. For example, Peng and Bartéaused X-ray pho-
toelectron spectrosco XPS) to study the surface species . . : . .
derived frompseveral e?gscsrbatgs on Mgé (100) grown 0?] Mg and compared wgth those obtained in the pioneering study of
(0001). The strong acids formic and acetic acid dissociatively Dent and !(oke§v. . ) . .
chemisorbed on annealed (i.e., near-defect-free) MgO (100), Theoretlc_al chemlstry is also bgglnnlng to_congrlbute t_o the
whereas the weaker acids methanol and acetylene only physi-understanding of chemistry of basic metal oxié#s? and this
sorbed on this surface and desorbed without dissociation atP'Cc€SS has_ bet_an acceleratgd by the a\_/a||ab|I|ty of computa-
modest temperatures. Contrasting behavior was observed Omonall{gezfoﬂment implementations of density functional theory
defected surfaces prepared by argon ion sputtering; in particular,(DFT)' “?Several of us have recently reported combined NMR

acetylene dissociatively chemisorbed on sputtered MgO. The  (7) kheir, A. A.; Haw, J. F.J. Am. Chem. Sod.994 116, 817-818.
C(1s) XPS spectrum clearly showed the formation of acetylide (8) Dent, A. L.; Kokes, R. JJ. Am. Chem. S0d97Q 92, 1092-1093.

ie qj ; ; (9) Dent, A. L.; Kokes, R. JJ. Am. Chem. S0d97Q 92, 6709-6723.
SESOKO K, and this signal was still detectable after heating to (10) Allouche. A.J. Phys. Chemi996 100 1820-1826.
- ) . ~ (11) Anchell, J. L.; Glendening, E. 3. Phys. Chenl994 98, 11582~
The high surface area metal oxide powders used in catalysis11587.

are expected to have surfaces composed largely by the interseci8§1221) Anchell, J. L.; Hess, A. CJ. Phys. Chem1996 100, 18317

* Corresponding authors. (13) Boldyrev, A. |.; Simons, JI. Phys. Cheni996 100, 8023-8030.
T Pacific Northwest National Laboratory. (14) Ferry, D.; Hoang, P. N. M.; Suzanne, J.; Biberian, J. P.; van Hove,
* Texas A&M University. M. A. Phys. Re. Lett. 1997, 78, 4237-4240.
(1) Hattori, H.Chem. Re. 1995 95, 537—558. (15) Johnson, M. A.; Stefanovich, E. V.; Truong, T. N.Phys. Chem.
(2) Henrich, V. E.; Cox, P. AThe Surface Science of Metal Oxides 1997 101, 3196-3201.
Cambridge University: New York, 1994. (16) Langel, W.; Parrinello, MJ. Chem. Physl995 103 3240-3252.
(3) Barteau, M. A.Chem. Re. 1996 96, 1413-1430. (17) MccCarthy, M. |.; Schenter, G. K.; Scamehorn, C. A.; Nicholas, J.
(4) Goodman, D. WChem. Re. 1995 95, 523-536. B. J. Phys. Chem1996 100, 16989-16995.
(5) Peng, X. D.; Barteau, M. ACatal. Lett.1992 12, 245-254. (18) Pacchioni, G.; Ricart, J.; lllas, B. Am. Chem. Sod.994 116
(6) Peng, X. D.; Barteau, M. ALangmuir1991 7, 1426-1431. 10152-10158.

S0002-7863(98)00384-9 CCC: $15.00 © 1998 American Chemical Society
Published on Web 09/23/1998



10472 J. Am. Chem. Soc., Vol. 120, No. 40, 1998

Nicholas et al.

experiments and theoretical calculations probing adsorption and The initial calculations were done using a cubic cluster model of

reaction on zeolite and metal halide solid aciHi%3 Here we
report our first combined theoretical and NMR study of

MgO (MgsO4). The geometry of the cube was fixed at that of the
bulk (Mg—O distance= 2.106 A), whereas the acetylene was allowed

chemistry on a basic metal oxide. We selected the adsorptioncomplete flexibility during the optimization. Althougls symmetry

of acetylene on MgO powders because of the previous UHV

surface science study, and because the systems required t

model, the adsorbed species considered presented a challengi
but tractable computational objective.
We used in sitd*C NMR with magic angle spinning (MAS)

was evident in the final geometries of many adsorption complexes, no
symmetry was imposed during the optimizations. Frequency calcula-

flons were done at the B3LYP/TZVP geometries. Despite the fact that
Nfhe MgO model was frozen, in every case, all frequencies were positive,

including those associated with the MgO. The exception was for a
transition state for acetylene dissociation, in which a strong negative

and FTIR spectroscopy in diffuse reflectance mode to measurefrequency corresponding to the transfer of H to a surface O was

spectra of the species formed by adsorption of acetylene on MgQOobtained. The frequencies were scaled by 0.95 to account for

powders. The materials examined were a microcrystalline MgO anharmonicity when compared to experimental IR values.

formed from a conventional Mg(OkRlgel and nanocrystalline Additional calculations were done using larger models of the MgO

MgO formed through the supercritical aerogel route developed surface (MgOs and MgQs). These calculations allowed us to explore

by Klabunde?* the sv_ensitivity of the calculated geometries and _relati\{e energetics to
The theoretical part of this study utilized DFT methods to the size of the cluster. We were also able to investigate modes of

obtain optimized qeometries for the various species adsorbedbonding that were not possible on the smaller cluster. All the additional
P g P optimizations were also done at the B3LYP/TZVP level of theory,

on MgO clusters. We used a variety of clusters to investigate fojoweq by B3LYP/TZVPF single-point calculations. The larger

the sensitivity of the results to cluster geometry. To more models of the surface were also fixed at bulk MgO geometries. As
closely relate the experimental and theoretical results, we alsopefore, all the B3LYP/TZVP frequencies of the optimized geometries
performed chemical shift calculations using the gauge-including were positive. One additional calculation used an even larger MgO

atomic orbital (GIAO) method on all of the theoretical models.
In addition, predictions of the IR spectra were obtained from
DFT frequency calculations.

Theoretical Details

All geometry optimizations were done using D¥4as implemented
in the program Gaussian94We used the B3LY®2°hybrid functional
that includes a component of the exact (HartrEBeck) exchange in a
parametrized fashion.

Optimizations were done using the DFT-optimized polarized triple-
valence basis sets of Godbout and co-worRgiEZVP). Whereas the
original TZVP basis set did not include Mg, for this atom, we substituted
a similar polarized triples basis (TZ94) from the UniChem program
library.3* To achieve higher accuracy energetics, we did single-point

model (Mg-O:») to represent the flat surface.

Predictions of thé3C chemical shifts of the adsorbed species were
obtained using the gauge-including atomic orB#téG1AO) method at
the restricted HartreeFocké**{RHF) level of theory. We favor the
RHF-GIAQO calculations over using the GIAO method within the DFT
formalism, as our experience indicates the RHF-GIAO calculations are
often more reliable. We prefer to use the second-order Mgiéssett
(MP2) GIAO implementation by Gau¥sin Acesll, however, the
clusters considered are much too large for that code to handle. All
reported RHF-GIAO chemical shifts are reported relative to the values
obtained for calculations of tetramethylsilane (TMS) at the same level
of theory. Further details are given in the Appendix.

Experimental Details

calculations at the TZVP-optimized geometries using an extended basis  \1aterials. We prepared the microcrystalline oxide powders as

set. This basis set, termed TZ¥Padds a diffuse s (H) or s and p (all
other atoms) to the TZVP basis set. The exponents of the additional
functions were obtained from an even-tempered expaftsibthe outer
functions in the standard basis set. The TZVP and TZ\fRsis sets
were used with six (Cartesian) d functions.
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follows: MgO (Fischer Scientific ACS certified grade) was hydrox-
ylated by mixing the respective oxide with deionized water (30 mL
per gram of oxide) to form a white slurry. We slowly heated the slurry
to dryness, broke it into pieces, and then ground it to a fine powder.
The powder was then further dried in an oven at 373 K for 12 h. Prior
to adsorption, the oxide was thermally activated to a maximum
temperature of 773 K by using a multistep procedure described
previously’” and maintained at 773 K fo2 h under continuous
evacuation.

We prepared nanocrystalline MgO according to the method of
Klabunde?*3¢ Mg powder (Aldrich 99% pure;-50 mesh) was reacted
under N purge with 203 mL of anhydrous GBH to form a 10%
Mg(OCH)./CH3OH solution. The resultant 10% Mg(OG) (40 mL)
was then added to 200 mL of toluene, followed by dropwise addition
of 1.6 mL of water and stirred overnight. The resultant colloidial
suspension of Mg(OH)was placed in an autoclave, pressurized to 100
psig with dry N, and heated slowly to 538 K and a final pressure of
~1400 psi. The supercritical solvent was vented to produce a fine
white powder of Mg(OH). Nanocrystalline MgO was obtained by
heating the fine powder at 773 K under vacuum. BET surface area of

nanocrystalline MgO, as determined by &tsorption, was ca. 380°m
—1
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Acetylenel3C; and #3C, (99% °C) were obtained from CDN and 121 77
Cambridge Isotope, respectively. 96 »
Sample Preparation for In Situ MAS NMR. All samples for the ‘
NMR experiments were prepared using the standard CAVERN dé&Vice. x2
Typically, about 0.25-0.30 g of the activated catalyst was loaded into * % ,j\/\’

a 7.5-mm rotor inside a drybox under a nitrogen atmosphere. The rotor
was then placed in the CAVERN, and the CAVERN was then
transferred to a vacuum line where it was evacuated to pressures less J\/\/
than 5x 105 Torr. Adsorbate loadings were around 0.6 mmol/g (less x3
than 1 monolayer). All adsorptions were done at room temperature. b ¥ *

NMR Spectroscopy We performed in sitd*C solid-state NMR
experiments with MAS on extensively modified Chemagnetics CMC- x3
200 and Chemagnetics CMC-300 spectrometers, operating at 50.06 and C ./\,_rf
75.4 MHz, respectively. We used hexamethylbenzene (17.4 ppm) as
an external chemical shift standard, and we report all chemical shifts
relative to TMS. The following’®C NMR experiments were per- B %
formed: cross polarization (CP), contact tirse2 ms, pulse delay-
4 s, 400-1600 transients; CP with interrupted decoupling (ID), contact 21
time = 2 ms, pulse delay= 4 s, 400-1600 transients, dipolar dephasing 58_’1 L

27

time of 50us; single-pulse excitation with decoupling (Bloch decay),
pulse delay= 10 s, 406-1600 transients. Except where otherwise

stated all spectra were acquired using the above parameters. <2
Infrared Spectroscopy. We also studied the products of acetylene f %

on MgO by infrared spectroscopy. We designed a sample preparation

method that allowed us to obtain NMR and IR spectra of identically 2'501_‘ ! ‘2:)01 T '1150' T llll)ol rTTTTTTT
prepared samples. Nanocrystalline MgO (0.35 g) was activated in a 0 ppn(:

shallow-bed CAVERN using a mutistep temperature program with a
highest activation temperature of 723 K. Acetyléf@, (200 Torr) Figure 1. 50.1-MHz*3C MAS NMR spectra showing the characteriza-
was introduced into the shallow-bed CAVERN at 298 K and was tion of products following the reaction of acetyleti€; (CDN Isotopes)
allowed to react with MgO for 30 min at 323 K. To simplify spectral 0n MgO at 298 K. The loading of acetylene was 0.6 mmol/g. All spectra
assignments for acetylide and ethoxy species, excess physisorbedvere acquired with 1600 transients and at 298 K. Spectihare for
acetylene was removed by extended evacuation for 60 min at 298 K. acetylene on nanocrystalline MgO: (a) Bloch decay (BD) and pulse
The sample was then isolated from vacuum line and was taken into adelay of 10 s; (b) cross polarization (CP); (c) interrupted decoupling
glovebox. A portion of the sample was packed into a diffuse reflectance (ID); (d) BD acquired 12 h later. (e) CP spectrum of the model
chamber, and the chamber was sealed inside the glovebox; the rest ofompound Mg(OCECHs).. (f) BD spectrum of acetylene on micro-

the sample was then packed into a 7-mm NMR rotor @@ MAS crystalline MgO. All BD spectra were acquired with a pulse delay of
NMR measurements at 298 K. Diffuse reflectance infrared Fourier 10 s, whereas CP and ID spectra were acquired with a 4-s pulse delay
transform (DRIFT) spectra were measured on a Nicolet 510P spec-and a contact time of 2 ms. For the ID spectrum a dipolar dephasing
trometer equipped with a MCT detector and a Spectra-Tech high- Period of 50us was used. Asterisks denote spinning side bands.
temperature/high-pressure chamber with ZnSe windows. KBr fine

powders were used for acquiring background spectra. Typically 3200 of its mobility including survival of interrupted decoupling, even

scans were averaged with a resolution of 4&m at reduced temperatures. The exact chemical shift of this species
_ is also loading dependent. Figure 1d is a Bloch decay spectrum
Experimental Results of the above sample after it had been stored at 298 K for 12 h.

Comparison of parts a and d of Figure 1 suggests that
physisorbed acetylene slowly reacted at 298 K to form additional
signals at 58 and 27 ppm. This reaction reduced the amount

3C MAS NMR spectra were acquired for several dozen
samples of MgO prepared in various ways and then exposed to

different loadings of labeled acetylene. The results obtained of physisorbed acetylene, and R2C chemical shift moved

were not strongly sensitive to sample preparation conditions. . . -
Figure 1 reports spectra obtained immediately after preparation.dowmc'e'd to 80 ppm. The 58 ppm peak did not survive
at 298 K for acetylendiC; on a sample of nanocrystalline MgO interrupted decoupling, but the 27 ppm resonance did (spectrum

(Figure 1la-d) and a sample of microcrystalline MgO (Figure not shown). We Iat_er apply theoretical chemistry to assign these
le). 13C signals at 96 and 121 ppm are seen in both Bloch signals to an ethoxide formed on a defect site. This assignment

decay (Figure 1a) and cross polarization (Figure 1b) spectra.'s also supported by experimental results, including model

The definitive assignment of these signals to a corner acetylide ('\:/(I)m([))(c):llj_ngstudlensd trfelogcexﬁr;pli’t;'gur?n le Ir?da rspi(;ctrurg of
formed on an otherwise three-coordinate cation site is made 9l )2 a ShiTts oTthis compound are in goo

below on the basis of extensive theoretical modeling and ab ,(A(fjgg)r Otzoennggtehn;n(ocﬁ)g%rnetﬁr&erg V\gltgothreozﬂglgz deu?ns.
initio chemical shift calculations. This assignment is also P She P PP

consistent with interrupted decoupling experiments; Figure 1c Sh'fF (not Sh‘?""”)' . .

shows that the 121 ppm signal survives & of interrupted Figure 1f is a Bloch decay spectrum similar to Figure 1e
decoupling, as expected for a carbon without an attached proton £XCept that the sample was prepared on microcrystalline MgO.
but the 96 ppm signal does not survive, the expected result forThe ge_neral features are similar for the_ two spectra with the
a static C-H group. exception that the resonances are slightly broader on the

The 77 pm resonance i Figure s cue o physisoed  "ICTOXDSIaIne OO sammle The clioude, speces aleo
acetylene as suggested by the observation that its relative . y p 9
prolonged standing (spectra not shown).

intensity is sensitive to sample preparation conditions (e.g., . A .
Figure 2 shows an infrared difference spectrum of the

capping the rotor in an overpressure of acetylene) and evidence . X )
products of acetylen&C, on nanocrystalline MgO paired with

(39) Xu, T.; Haw, J. FTopics Catal.1997, 4, 109-118. a 13C NMR spectrum measured on the same sample. Since




10474 J. Am. Chem. Soc., Vol. 120, No. 40, 1998 Nicholas et al.
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Figure 3. B3LYP/TZVP-optimized geometries for (a) physisorbed

acetylene, (b) the transition state for dissociation into the acetylide, (c)

the acetylide, and (d) the vinylidene on M. Selected interatomic
istances are in A. Also included are the B3LYP/TZVIB3LYP/
ZVP energies of the complexes relative to the isolated reactants.

ppm
Figure 2. DRIFT difference spectrum (a) and 75.4-MHC MAS
NMR spectrum (b) of the acetylide and ethoxy species formed from
the reaction of acetylid&C, on MgO. The IR and NMR spectra were
measured on samples prepared under identical conditions. See the te
for detailed assignment.

) ) a vinylidene (Figure 3). A transition state for the conversion
physisorbed acetylenC, was removed by evacuation, the o the physisorbed state to the acetylide was also obtained (the
NMR spectrum only shows resonances for_ acetylu_:le (121 andfrequency corresponding to proton transfer is 2691 &m
96 ppm) and ethoxy (58 and 27 ppm). Consistentwith the NMR |, the physisorbed state, the H on acetylene is very close to
results, the IR spectrum shows the formation of acetylide (3257 5 ¢|uster O (1.71 A), a distance much shorter than the sum of
cm* for C—H stretch and 2020 cni for C=C stretch) and  {he van der Waals radii of the two atoms. The C of acetylene
ethoxy (2966 cm* for C—H stretch, 1060 cm* for the C-C is also very close to the surface Mg (2.09 A), indicative of the
stretch, and 1139 cmd for the C-0O stretch). The assignment pending dissociation to form the acetylide. The-i& bond
of_ the_ethoxy species was vgrified by theoretical calculations length is longer (1.13 A) than in isolated acetylene (1.07 A at
(vide infra) and by comparison with IR spectra of model the same level of theory), indicating a large amount of H transfer
compounds, such as Mg(OGEHs), and of ethoxy species  {g the surface. In the transition state, both thetCand G-Mg
prepared directly from the reaction of ethanol with nanocrys- gjstance shorten slightly, whereas the B distance is smaller
talline MgO (spectra not shown). The assignment offC [y ~0.3 A. In the acetylide, the H is fully transferred to the
modes was further verified by analogous experimentation using g\ ;rface O. The ©H bond distance of 0.97 is consistent with
acetylened (not shown). other O-H bond distances at this level of theory+® in H,O
at B3LYP/TZVP=0.965 A). The Mg-C distance is somewhat
longer than that of either the physisorbed or transition states.

The first goal of the theoretical study is to determine the In all of the three states so far discussed, the length of th€ C
preference for dissociation to the acetylide or vinylidene species triple bond (1.2+1.22 A) and terminal €H bond (1.07 A) of
and the spectroscopic signatures each might exhibit. While theacetylene are almost unchanged from the values in isolated
energetics of the various dissociation pathways are clearly acetylene (1.200 and 1.069 A, respectively) optimized at the
important, our most direct connection to the experimental data same level of theory. The experimental values for these two
was through the prediction 4(C NMR chemical shifts and IR~ bond lengths in acetylene are 1.203 and 1.060 A, which indicates
frequencies for the possible adsorbed species. Although it wasthat the accruacy of the B3LYP/TZVP optimizations is excellent.
our expectation that only the acetylide would form, we did not  For the vinylidene, the C is much closer to Mg than O, but
have a means by which we could a priori dismiss the formation the geometry indicates some stabilization from allowing the C
of the vinylidene. In the next section we focus our comparison to “bridge” the two surface atoms. Attempts at finding a
on the experimental results for the fresh catalyst. Considerationgeometry in which the C is associated with Mg only were
of addition species on the aged catalyst follows. unsuccessful. As expected, the-C bond length (1.33 A) is

Geometries and Energies of Binding States on M@4. We much longer than in the acetylide, consistent with the change
first present the results obtained using the smallest,0dg from a triple to a double bond. For comparison, the@Cbond
cluster model. The Mg, cluster can only be used to model length in ethylene at BSLYP/TZVP is 1.328 A.
adsorption on corner sites (where both Mg and O are only three- The energies of the various states, reported relative to the
coordinate). These sites are known to be highly reactive, and energy of acetylene and M@ at infinite separation, are given
we expect dissociation to form the acetylide or vinylidene in Table 1. The physisorbed state is tightly bound, being 15.7
species to proceed readily. We are able to identify three kcal/mol lower in energy than the reactants. The transition state
potential-energy minima; a physisorbed state, an acetylide, andis only 0.1 kcal/mol higher in energy than the physisorbed state.

Theoretical Results
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Table 1. Energies (kcal/mol) of the Adsorption Complexes on
Mg.Os2
theory physisorbed transition state acetylide vinylidene
B3LYP/TZVP —-15.7 —15.6 —39.2 —-27.1
B3LYP/TZVP+/l  —15.2 —-15.1 —38.2 —26.2
B3LYP/TZVP

a All values are reported relative to the sum of the energies of isolated

acetylene (optimized) and M@ (frozen at bulk geometry).

Figure 4. B3LYP/TZVP-optimized geometries for the acetylide on
MgeOs. Selected interatomic distances are in A. Also included are the
B3LYP/TZVP+//B3LYP/TZVP energies of the complexes relative to
the isolated reactants.

J. Am. Chem.
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Figure 5. B3LYP/TZVP-optimized geometries for the vinylidene on
MgsOs. Selected interatomic distances are in A. Also included are the
B3LYP/TZVP+//B3LYP/TZVP energies of the complexes relative to
the isolated reactants.

surface sites are 3-fold coordinate (2.94 A on/@gand 3.05

A on MgsOs). This close contact is suggestive of a much lesser
degree of dissociation on the surface. In the case in which O
is three-coordinate and Mg is four-coordinate, we also obtain a
geometry in which the acetylide appears less fully dissociated
on the surface. Both ©H and Mg-C bond distances are
longer than when both surface atoms are three-coordinate, and
the H-C nonbonded distance is notably shortened (2.00 A).
The Mg—C distance (2.2 A), in particular, is much longer than

It seems likely that the physisorbed state is an artifact of the when C is bonded to three-coordinate Mg (2.09 A).

calculation. Even if did form, the very low barrier to conversion

We have obtained four stable potential energy minima for a

to the acetylide would indicate that the physisorbed state would vinylidene on the corner sites of MQs (Figure 5). As was
not be observed experimentally. The acetylide is the most stablethe case for the acetylide, if both O and Mg are three-coordinate,
species formed, being 39.2 kcal/mol lower in energy than the the optimized geometry is very similar to that obtained on

reactants. The vinylidene 12 kcal/mol less stable.
Using the larger basis set (TZMH at the B3LYP/TZVP

Mg4Os. Bond distances are the same within 0.005 A. If we
adsorb the molecule on an edge of the cluster, in which O is

geometry, the adsorption energy decreases to 15.2 kcal/mol. Fotthree-coordinate and Mg is four-coordinate, there is little change

the acetylide, the B3LYP/TZVP single-point calculation
lowers the binding energy te-38.2 kcal/mol. Finally, the
B3LYP/TZVP+ single-point energy indicates that the vinylidene
is ~1.0 kcal/mol less strongly bound than the B3LYP/TZVP

in the geometry. However, one of the H of the vinylidene is
closely associated with a different surface O. TheHCbond

is also slightly lengthened. The geometry of this species
suggests that transfer of a proton to the surface, and thus the

calculation predicts. The small decreases in all the relative formation of a surface acetylide, might occur readily. We did
energies with the larger basis set are consistent with a reductionnot attempt to locate a transition state for this transformation.
in the basis set superposition error. Two additional states in which C is bonded to three-coordinate
Geometries and Energies of Binding States on Mfs. In Mg were located. In one of these states C bridges Mg and a
Figure 4 we show the B3LYP/TZVP-optimized geometries of single (four-coordinate) O as it does in all the other optimized
three possible acetylides formed on an g cluster. The geometries, and the resulting structure is very similar to the
geometry of the acetylide formed on the end of the cluster, where cases in which both surface atoms are three-coordinate. In the
both Mg and O are 3-fold coordinate, is very similar to that other state, C bridges Mg and two (three-coordinate) O, at a

obtained on the Mgd, model; all bond distances agree within
less than 0.005 A. If we consider dissociation on sites in which
Mg is three-coordinate and O is four-coordinate, a slightly
different geometry is obtained. Both the-®l and Mg—C bond

much greater distance (2.45 A verswg.1 A in all the other
cases).

The B3LYP/TZVPt relative energy of the acetylide bound
to the two three-coordinate sites on Mg is —40.7 kcal/mol,

lengths are lengthened, suggesting a weaker bonding to thevery similar to the value 0f-38.2 kcal/mol obtained with a
surface. In addition, the dissociated H is much closer to the similar geometry on MgD,. The structure in which O is three-
nearest C (2.03 A) than in either of the structures in which both coordinate whereas Mg is four-coordinate is much less stable,
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A, and the Mg-C distance has increased by 0.2 A. We have
not attempted to locate the transition state between this geometry
and the acetylide.

Also shown in Figure 6 is the optimized geometry for the
acetylide on an edge site. Although this unusual geometry is a
stable minimum (and not a transition state), it is clear that only
partial dissociation has occurred. In contrast to the other
acetylide geometries, the MdC distance is 0.2 A longer. In
addition, the C remains in very close contact with the H on the
surface (1.68 A), and the-€H bond distance is slightly longer
than in the other cases.

There is also a stable geometry for the vinylidene bound to
four-coordinate O and Mg. As was the case for the optimization
on the MgOgs cluster, one of the H of the vinylidene is in close
proximity to a surface O. The bond distance between the
vinylidene and the cluster, and the internal coordinates of the
vinylidene, are very similar to those obtained on the smaller
clusters.

The physisorbed acetylene has a binding energy&# kcal/
mol, approximately half of what it was on the M@, cluster.

The weaker binding energy is consistent with the longer
distances between the acetylene and the cluster atoms. The
vinylidene species is weakly bound to the surface, 6.7 kcal/

+2.0 mol lower in energy than the isolated molecule and cluster. The
Figure 6. B3LYP/TZVP-optimized geometries for (a) physisorbed hinding energy is between 2 and 22 kcal/mol less on the edge
acetylene, (b) the vinylidene, and (c) the acetylide on®gSelected  sjte than similar structures on the M and MgOg clusters.
interatomic distances are in A. Also included are the B3LYP/TZYP Finally, the energy of the acetylide on the edge site is 2.0 kcal/
B3LYP/TZVP energies of the complexes relative to the isolated mol higher than the isolated molecules. As stated earlier,
reactants. . . . . .

frequency calculations verify that this state is a minimum on

the potential energy surface. However, it is clear from the
relative energetics that this state would have no appreciable
lifetime.

The above results further confirm prior observations that the
corner sites on MgO are highly reactive, and the reactivity
sharply decreases with the increased coordination of the surface
) ! atoms. The stronger binding (and by implication higher
0.3 kcal/mol more tightly bound than the analogous species ongactivity) of the less-coordinated sites as demonstrated here

MgsOs. When the vinylidene is associated with a four- paq heen reported in theoretical studies of other molecules
coordinate Mg and three-coordlnate_ O,_ the blndlng energy is agsorbed on Mg@t-13 As a final test of this trend, we did one
decreased t6-18.2 kcal/mol. The bmdmg_ energy is further optimization of a large cluster (MgO:12) which provides sites
lowered to—12.6 kcal/mol on three-coordinate Mg and four- i \yhich both surface atoms are five-coordinate. Starting with

coordinate O. Finally, the state in which the vinylidene C  qaometry for the adsorbed acetylide similar to that obtained
bridges two four-coordinate surface atoms is bound by only 8.5 4 "ihe MgO. and MgOs clusters, we were not able to optimize

being 20.2 kcal/mol lower than the isolated reactants. Finally,
when acetylide is bound to three-coordinate Mg and four-
coordinate O, the binding energy is ony10.7 kcal/mol.
Similar trends in relative energy are seen for the vinylidene
species. The B3LYP/TZVP binding energy for vinylidene
bound to two three-coordinate surface atoms2§.5 kcal/mol,

keal/mol. . o a stable geometry in which the acetylide was bound to the five-
Geometries and Energies of Binding States on M@s. coordinate atoms of the flat surface. In fact, the acetylide in

Considering the very similar geometries and relative energies gy initial geometry “desorbed” from the flat surface during

obtained for similar binding states on the My and MgOs the course of the optimization and reformed acetylene. This

clusterg, we felt it unnecessary to duplicate these optimizationsthegretical finding is in complete agreement with the experi-
on a still larger cluster. However, on MQs, we were able to mental observation of Barteau that acetylene desorbs from
investigate binding modes not possible onAdgand MgOe. defect-free MgO (100) without dissociative chemisorpfién.
In contrast to the smaller clusters in which adjacent atoms are  G|AO-RHE 13C Chemical Shifts In a recent series of
either both three-coordinate or one is three-coordinate and thepapers, we have been successful in comparing experimental and
other is four-coordinate, in Mgs, there are “edge” sites at  theoreticall3C chemical shifts for species encountered in acid
which adjacent atoms are both four-coordinate. In light of the catalysis-234%|n the specific case of carbenium ions, we found
trends on binding energies with the degree of coordination that highly accurate results generally required computationally
mentioned earlier, we expect that, when neither surface atomeypensive treatment of electron correlation at the GIAO-MP2
is three-coordinate, the binding energy will be further reduced |gyel. We were pleased to find that the GIAO-RHF level
from what we have presented so far. appeared to be sufficient for the species encountered in the
The only stable geometry we were able to find for physi- reactions of acetylene on MgO. The appropriateness of the basis
sorption of acetylene is that illustrated in Figure 6, in which a set is another important consideration in chemical shift calcula-
H of acetylene is coordinated to a three-coordinate O on the tions. We carefully evaluated the effects of basis set size and
end of the cluster. In comparison to the other geometries for flexibility for one of the species considered in this study. The
physisorption presented earlier in Figures 3 and 4, in this case,details of this investigation are given in the Appendix.
the interaction between the cluster and acetylene is much™ 40) Nicholas, J. B.; Xu, T.; Barich, D. H.; Torres, P. D.: Haw, JJF.
weaker. The G-H interatomic distance has lengthened by 0.3 Am. Chem. Sod996 118 4202-4203.
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Table 2. GIAO-RHF 3C Chemical Shifts (ppm) for the Two
Carbons of the Acetylide on Various MgO Clusters

MgO coordination chemical shift

model Mg (0] —C— —C—H
Mg4O4 3 3 120.9 101.0
MgeOs 3 3 120.6 100.8
MgsOs 3 4 119.2 107.3
MgsOs 4 4 136.8 100.6
MgsOs 4 4 123.3 106.7
exptl 120 96

@ The coordinations of the surface Mg and O to which the acetylide
is bound are also shown.

Table 3. GIAO-RHF 3C Chemical Shifts (ppm) for the Two
Carbons of the Vinylidene on Various MgO Clusters

MgO coordination chemical shift
model Mg (0] —C— —CH;
Mg4O4 3 3 233.1 103.7
MgsOs 3 3 219.9 105.4
MgsOs 3 4 226.0 93.6
MgesOs 4 4 2335 102.3
MgsOsg 4 4 238.2 90.2

@ The coordinations of the surface Mg and O to which the acetylide
is bound are also shown.

<)

Figure 7. B3LYP/TZVP-optimized geometries for (a) surface ethoxy,
As noted above, the experimental peaks in @ NMR (b) an alternate surface ethoxy, and (c) a dangling ethoxy osOMg

; ; : : Selected interatomic distances are in A. Also included are the B3LYP/
spectra which we believe can be attributed to the acetylide are o IB3LYP/TZVP energies of the complexes relative to the
at 96 and 120 ppm. In Table 2, we show the GIAO-RHE isolated reactants.
chemical shifts for all the acetylide species studied. The
theoretical values for the acetylide on the corner sites of either intensities of these signals were in all cases much less than those
Mg4O4 or MgsOg are in excellent agreement with the experi- of the peaks assigned to acetylide. The result in Figure 1d, in
mental values. As noted above, these are the lowest energywhich the integrated intensities of the ethoxy signals are ca.
acetylide species. The agreement with the acetylide bound toone-third those of the acetylide signals, is typical for complete
three-coordinate Mg and four-coordinate O is much less reaction at 298 K or slightly higher.
satisfying. Although the value for the surface-bound C is  We optimized two models of the ethoxy species which have
excellent, the terminal C is predicted to be almost 11 ppm a GHs group bound directly to a lattice O. We first consider
downfield compared to experiment. Conversely, for the speciesthat the GHs has a partial negative charge, with*Hoound to
bound to four-coordinate Mg and three-coordinate O, it is the another lattice O to balance the charge. The B3LYP/TZVP
surface-bound C that is shifted substantially downfield, while geometry of this complex is shown in Figure 7a. We term this
the agreement for the terminal C is similar to that obtained on a “surface” ethoxy as C is bonded to a lattice O. From this
the corner sites. Finally, the values for the carbons on the single geometry we cannot calculate the overall thermodynamics
acetylide bound to the edge of MQs are both somewhat of the reaction from acetylene. However, if we consider this
downfield from experiment. complex to formed directly from ethane, it is 9.1 kcal/mol lower

The chemical shifts for the vinylidene, presented in Table 3, in energy than the isolated reactants. An alternative possibility
are much different. On M@a, the calculated values are 233.1 is that GHs binds to surface O with a partial positive charge,
and 103.7 ppm. The vinylidene bound to the corner sites on with H°~ bound to Mg to balance charge. The optimized
MgsOs gives values of 219.9 and 105.4 ppm. For all the clusters geometry of this species is also shown in Figure 7b. In this
considered, the theoretical values for the terminal C are in the case, the bond between C and the surface O is much longer
range of peaks observed experimentally. However, there are(2.11 A) than in the other surface ethoxy. Interestingly, this
no experimental NMR peaks in the range predicted for the geometry is somewhat more stable relative ta,®lgand ethane
surface-bound C (219-238.2 ppm). The disagreement be- than the first ethoxy presented, being 10.7 kcal/mol lower in
tween the theoretical predictions for the vinylidéA€ chemical energy than the reactants. For completeness, we also considered
shifts and the experimental spectra casts doubt on the existenceéhe possibility that the ethoxy forms on a surface hydroxyl,
of the vinylidene under the experimental conditions employed giving a “dangling” ethoxy such as that shown in Figure 7c.
in this investigation. Formation of the species directly from ethanol is predicted to

Structures and Chemical Shifts for Ethoxy Species.Both be exothermic by 50.7 kcal/mol.
the NMR and infrared (vide infra) experiments provided strong  The chemical shifts of the first “surface” ethoxy are 19.3 and
evidence for a second chemisorbed species on MgO powders49.1 ppm, in reasonable but not excellent agreement with the
and this species has familiar spectroscopic signatures commonlyexperimental data. The chemical shifts of the other surface
assigned to ethoxy (GJ€H,O—) groups. For example, Figure ethoxy are 23.8 and 55.1 ppm, giving a better agreement. The
1 shows that3C NMR signals develop at 58 and 27 ppm when chemical shifts for the dangling ethoxy are 24.7 and 57.1 ppm,
a sample of acetylene on nanosize MgO powder is maintainedin excellent agreement with the experimental chemical shifts.
at 298 K for several hours. We reproduced this observation While the theoretical results so far obtained cannot determine
many times and also determined that this species formed morethe full energetics for formation of these species on the surface,
rapidly when the sample was heated slightly above 298 K. The nor unambiguously differentiate between surface and dangling
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Table 4. Vibration Frequenciesy( cm™*) and Intensitiesl( kM/mol) of the Acetylide on Various MgO Clustérs

Mg4043/3 MgsOs 3/3 MgsOs 3/4 MgsOs4/3 MgsOs 4/4 expt
assignment v | v | v | v | v | v
O—H 3627.0 59.0 3634.4 70.2 3276.7 701.8 3331.9 601.6 2581.0 1915.5 3546
C—H 3274.4 24.3 3273.6 24.4 3339.8 317 3261.4 20.2 3266.5 25.6 3262
C=C 1944.4 14.9 1945.7 14.9 1997.6 8.1 1907.1 14.4 1924.4 14.5 1898
O—H 1248.3 188.8 831 1149.9 235.1 1234

aOnly frequencies above 1000 cinare reported. The coordinations of the surface Mg and O to which the acetylide is bound are also shown.
Theoretical frequencies are scaled by 0.95.

Table 5. Vibration Frequenciesy( cm ™) and Intensitiesl( kM/mol) of the Vinylidene on Various MgO Clustérs

Mg4043/3 MgsOs 3/3 MgsOs 3/4 MgsOs 4/3 MgsOs 4/4
assignment v | v | v | v | v |
H-C 3040.7 8.2 3040.7 9.0 3040.7 0.7 3040.7 11.6 3040.7 0.3
H-C 2928.9 23.7 2930.8 23.3 2660.1 252.1 2908.5 50.9 2590.6 337.1
C=C, H-C—H 1563.8 137.8 1564.7 122.5 1552.5 75.7 1549.5 140.5 1538.5 63.7
H—C—H 1313.5 20.7 1313.8 16.6 1334.9 35.7 1304.4 31.8 1336.1 50.3
H—C—H 987.6 3.6 992.4 2.3 972.3 11.9 974.1 24.9 987.8 27.7

a2 Only frequencies above 1000 ctare reported. The coordinations of the surface Mg and O to which the vinylidene is bound are also shown.
Theoretical frequencies are scaled by 0.95.

ethoxy, it is clear that some form of ethoxy was present and cm™1. The highest frequency mode is unaffected by changes
was detected by the NMR experiment. in cluster size, while the other-€H stretch is greatly perturbed

IR Frequencies for the Acetylide, Vinylidene, and Ethoxy when the vinylidene is bound to three-coordinate Mg and four-
In addition to the distinct3C chemical shifts, the acetylide, coordinate O and when bound to the edge site ors®4g
vinylidene, and ethoxy should exhibit different vibrational Inspection of the geometries of these complexes explains the
frequencies. Table 4 gives the theoretical frequencies for modesfrequency shift, as in both cases one of the vinylidene H is
above~:1000 cnt! for all the acetylide models. On the M, closely coordinated to a surface Mg and the associateti C
model, the mode at 3627.0 cicorresponds to the ©H bond is significantly lengthened. The frequency of the©
stretch, the mode at 3274.4 cinis the G-H stretch, and the  bond is relatively constant for all complexes, as are the modes
1944.4 cm! mode is the &C stretch. The acetylide on the associated with HC—H bends. The theoretical frequencies
corner sites of MgOs gives almost the same frequencies, as may have corresponding peaks in the experimental spectra.
expected for such similar geometries. Binding of the acetylide There is some indication of €H stretches at 3084 and 2966
to sites of higher coordination causes shifts in some of the cm* and what could be a HC—H bend at 1314 cmt in the
predicted frequencies. For example, in the complex with experimental IR. Most notably, there is an indication of a strong
acetylide edge-bound to three-coordinate Mg and four-coordi- band at~1550 cnt?, which theory predicts should be apparent
nate O, the @H stretch is at 3276.7 cnd and a frequency  in the experimental IR spectra if the<C bond were present.
corresponding to an ©H wag appears at 1248.3 ci The Whereas the frequencies corresponding teHCstretches and
C=C stretch frequency is raised slightly, as is that of thetC H—C—H bends are also be attributed to the ethoxy species (see
stretch. Inspection of the optimized geometry of this complex below), the strong barg1550 cnt* cannot. Considering that
explains the frequency shifts, as the H on the O is closely there was no experimental or theoretical NMR evidence for the
associated with one of the acetylide C, and theHObond length vinylidene, alternate explanations were sought. These will be
has increased by 0.02 A. When the acetylide is bound to four- discussed later.
coordinate Mg and three-coordinate O, the @stretch is also The theoretical frequencies of the various ethoxy species
shifted to lower wavenumbers. considered are given in Table 6. Once again, theory predicts

For the acetylide bound to the corner sites, the agreementbands due to ©H stretches to appear at 35628598.5 cn?.
between the predicted and observed frequencies is excellentA number of bands associated with the-g stretches should
In the experimental IR spectra, a band at 3699 tris appear between 2938 and 2762 ¢émWhich of these bands is
commonly attributed to the ©H stretch. The peak at 3257 the most intense depends on which model of the ethoxy we
cmt likely corresponds to the €H stretch. The very weak  use. For the surface ethoxy with H on O, this band is at 2927.7
band due to the €C stretch is seen at 2020 cfn The largest cm~L. When H is bound to Mg, the strongest band is predicted
error is for the G-H stretch €72 cntl). The relative intensities ~ to appear at 2839.2 crh, whereas the dangling ethoxy model
of the three highest frequencies are also in qualitative agreementsuggest the strongest peak will appear at 2762.6'crsener-
with the experimental measurements. The agreement betweerally weak peaks associated with-€l bends are predicted just
the experimental values and the theoretical frequencies for theabove 1400 cmt. The G-C stretch frequencies are insensitive
acetylide bound on the edge of i@ are very poor. The ©H to the model used and are predicted to be in the narrow ranges
stretch of this species is shifted to much lower wavenumbers of 1330-1340 and 10241051 cnt. Other generally weak
than in the other complexes (2581 thh There is no strong  frequencies also associated with the C stretch are predicted
peak in the experimental spectra in this vicinity. The poor between those bands. Finally, the models give a strong peak
agreement is not surprising considering the high relative energydue to the G-O stretch at 999.7 to 1139.2 cth

and unusual geometry of this complex. The experimental IR spectrum shows evidence of most of
In Table 5, we present similar IR data for the various the frequencies predicted by the theoretical calculations. As
vinylidene complexes. The calculation of vinylidene on/ag noted before, peaks that can be attributed teHDstretches are

predicts C-H stretch modes in the vicinity of 3040.7 and 2928.9 seen at 3699 crit. A strong peak at 2966 cm and several
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Table 6. Vibration Frequenciesy( cm ) and Intensities|( of the former species are in slightly better agreement with
kM/mol) of the Various Ethoxy Species on Mg experiment than those of the latter. However, our results also
C(0), H(O) C(0), H(Mg)  C(G-Mg), H(O) show that edge acetylides are also thermodynamically stable to

assignment v | N | ” | dissociation, and at the relatively low temperatures used in the

experimental work, edge and corner acetylides might form under
O—H (str) 35985 43.2 3562.8 1291 Lo - . -
C—H (str) 2038.0 187 29492 134 29197 38.6 kinetic cont_rol a_nd. not equllllbrat.e. Theoretical calculations
C—H(st) 2927.7 37.7 29157 31.2 2914.0 589 show that dissociative chemisorption of acetylene cannot occur
C—H (str) 2894.2 5.3 2900.4 4.0 2850.9 25.6 on the five-coordinate sites of nondefected MgO (100), in
C—H(str)  2864.6 124 2839.2 658 2769.3 73.1  agreement with previous UHV experiments by Barteau.

CC::: gf)te%d) 2_'13312-57 1‘;2 21%%27 33-3 ﬂ?&-g 1732 The formation of acetylides with formal anionic charges on
C—H (bend) 1418.4 63 14216 451 14195 57 sFron_eg basic surfaces is not surprising, but formally neut_ra!
C—H (bend) 1408.9 352 1410.9 30.9 1408.2 7.7 vmylldenes form on many Surfaces, and we had no a priori
Mg—H (str) 1408.1 203.4 reason for excluding their formation here as well. We can now
C—C (str) 1339.9 61.1 13409 305 1333.0 46.2  confidently state that neither the NMR nor the infrared results
C—C(str) 13231 0.1 13226 25 13143 5.8  provide any evidence for vinylidene species forming from

C—C (str) 1247.2 2.8 12515 29 12398 0.3 : :
C—C (str) 11085 17 11133 59 11148 15 acetylene on MgO powders, and the substantial energetic

C—C (str) 1051.0 242 10540 284 10240 46.8 Preference for acetylide formation shown by the theoretical
C—0 (str) 999.7 1125 1004.3 140.2 11382 308.3 studies supports this result.
aOnly frequencies above 1000 chare reported. Theoretical we prgsented str.ong' eXperimentaI ewdenc.e for the formation
frequencies are scaled by 0.95. of ethQX|de as a minority species (cz_a. 25%) in the presence of
acetylide on MgO powders. Theoretical calculations suggested

weaker peaks at lower wavenumber (2916, 2861, and 2796th§1t our speqtroscqpic ass_ignments were: correct. .Further
cm?) are likely due to G-H stretches. There is little indication evidence for this assignment includes comparison of the infrared

of C—H bends in the 1400 crd range. A stronger peak which frequen_cies with those previously observed in a study of ethanol
could be attributed to the €C bond stretch is seen in the ~2adsorption on MgO surfacés. . .
experimental spectra at 1314 ch corresponding to the Several aspects of the theoretical work deserve special
theoretical prediction at~1330 cnt™. Another experimental ~ mention. The cluster models used in this study do not include
C—C band at 1060 cm may also correspond to the theoretical 0ng-range interactions, and we did not allow relaxation of the
frequencies atv1050 cnTl. Last, the G-O bond stretch can ~ Surface atoms upon chemisorption. In addition, although we
be seen in the experimental spectra at 1139'cmhich theory were _able to use accurate fun_ct_lonals and a Frg)lmys set,
indicates should fall in the range 999.7139.2 cmi®. Given the size of _the clusters prohibited the prediction of GIAO
the above interpretation of the theoretical data, the agreementchemical shifts beyond the RHF level of theory. Yet, the
with the experimental frequencies is again quite good. theoretical caICL_JIat|ons reprO(_:Iuced the important fe_atu_res of the
We now consider the possible explanations for the evidence OPserved chemistry and provided essentially quantitative agree-
of the vinylidene in the experimental data. The bands associatedMent between theoretical and experimental spectroscopic ob-
with C—H stretches and HC—H bends in the vinylidene may servables. Usmg similar computational techniques, we haye
also be due to the presence of the ethoxy species. The bandbeen able to achieve equally good agreement between theoret_lcal
expected at+1300 cnr for the vinylidene H-C—H bends may and (_expenmental results for numerous as_pects of z_eohte
also be mistaken for those of the~C stretch in the ethoxy. chemistry21-2340.42|f the accuracy of the theoretical calculations
However, the strong €C peak predicted by the theoretical repqrted here can be obtained Wlth other s'urfaces. and adsorbates,
calculations, and seen in the IR, cannot be so easily explained (N€ interpretation of metal oxide chemistry will be greatly
Neither the acetylide nor the ethoxy are predicted to have intensefacilitated. In fact, the synergistic application of theoretical
peaks in this region. However, the IR spectra (not shown) of Methods and in situ spectroscopy to chemisorption on basic
the activated catalyst prior to adsorption has peaks at 1562 and™etal oxides appears to be even more promising than it did at
1539 cnrtidentical to those evident in Figure 2. We therefore @ corresponding stage in the study of zeolite solid acids.
conclude these peaks are due to carbonate species, which are
well know to be present on MgO, and do not support the
existence of the vinylidene. The alternate explanation for the
presence of peaks that may be due to the vinylidene does no
in itself rule out the presence of vinylidenes under the
experimental conditions. However, it does show that a reason-
able interpretation of the IR spectra that is consistent with the
absence of the vinylidene in the NMR data can be made.
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theoretical chemistry have been combined to study chemisorp-
tion on a metal oxide. The overall agreement between the Appendix: Sensitivity of Theoretical 3C Chemical Shifts
theoretical and experimental results obtained by B&MNMR to the Basis Set
and infrared spectroscopy is outstanding. It is clear that ) ) ] )
acetylene dissociatively chemisorbs to form acetylide bound to  We did an extensive series of calculations to test the
magnesium. Corner acetylides formed on three-coordinate sitesSensitivity of the theoretical chemical shifts to the size of the
are energetically more stable than analogous species on a four=" 41y spitz, R. N.; Barton, J. E.; Barteau, M. A.; Staley, R. H.; Sleight,
coordinate edge sites. The predicted spectroscopic propertiess. W. J. Phys. Cheml986 90, 4067-4075.
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Table 8. GIAO-RHF 3C Chemical Shifts for the Two Carbons of
the Acetylide-Mg4O4 Complex as a Function of Schafefhlrichs

Basis Sét

Table 7. GIAO-RHF *3C Chemical Shifts for the Two Carbons of
the Acetylide-Mg4O, Complex as a Function of Pople Basis Set

basis set no. of chemical shift (ppm) _ _ _

CoH MgO  MgOs functons —C—  —C—H basis set no. of _chemical shift (ppm)
631HG* 6-3L1+G* 6-31L+G* 258  -1.3 38 = H. MgO MgiOs functions —C— —C-H
6-3114+G* 6-311G* 6-311G* 226 -0.9 3.8 tzplarget tzplarge tzp tzp 244 0.89 5.02
6-3114+-G* 6-31G* 6-31G* 178 —-0.9 3.8 tzplarget tzplarge tzp tzp 236 —0.16 4.19
6-31+G* 6-31+G* 6-31G 156 -0.9 3.9 tzplarget tzp tzp tzp 236 —0.31 4.48
6-3114+G* 6-31G* 6-31G 148 -0.9 3.8 tzplarget tzp tzp dzp 197 -0.10 4.31
6-3114+-G* 6-31G 6-31G 138 -11 4.5 tzplarget tzp dzp dzp 184 —2.34 5.01
6-311G* 6-31H-G* 6-311+G* 250 —4.4 11 tzpt tzpt tzp tzp 244 0.09 5.52
6-311G* 6-311G* 6-311G* 218 —4.5 1.6 tzpt+ tzp tzp tzp 242 0.23 5.49
6-311G* 6-31G* 6-31G* 170 —5.6 2.1 tzpt+ tzp tzp dzp 203 0.58 5.36
6-311G* 6-3H-G* 6-31G 148 -3.9 3.2 tzpt+ tzp dzp dzp 190 -0.32 5.85
6-311G*  6-31G* 6-31G 140 —5.4 2.1 tzp tzp tzp tzp 234 —2.37 4.10
6-311G* 6-31G 6-31G 130 -5.9 2.0 tzp tzp tzp dzp 195 —-2.30 3.82
6-31+G* 6-31+G* 6-31+G* 200 -10.6 —-5.4 tzp tzp dzp dzp 182 —4.29 4.72
6-31+G* 6-31+G* 6-31G* 176 -10.5 -5.3 - — - -

. * _ * R * _ _ aBasis sets are specified for the acetylide C, acetylide H, the Mg
6-31+G* 6-31G 6-31G 168 10.1 5.7 4 A =

) * R * _ _ _ and O to which the acetylide is bound, and the remaining atoms of the
6-31+G* 6-31G 6-31G 138 9.9 5.7 luster. The total ber of basis functi e Chemical shift
6-31-G*  6-31G 6-31G 128 _126 63 cluster. The total number of basis functions is given. Chemical shifts

are reported as a deviation from the experimental valdiglsgoretical

aBasis sets are specified for the acetylide, the Mg and O to which —  experimental).
the acetylide is bound, and the remaining atoms of the cluster. The

total number of basis functions is given. Chemical shifts are reported once again, the theoretical values show only a slight tendency
Zip:ﬂ%%vr:?gﬁn from the experimental valuas theoretical = o toward better agreement with experiment with increases in basis
set flexibility in regions 2 and 3.

basis set. Using the B3LYP/TZVP-optimized geometry of the ~ Our last set of results for the Pople basis sets were obtained
acetylide bound to the M@, cluster, we first obtained the  using 6-31#G*. Our experience has been that diffuse func-
GIAO-RHF chemical shifts using a range of Pople basis sets. tions generally have little effect on theoretical chemical shifts.
The Pople-style basis sets included the doup&31G basis However, although the complex is formally neutral, the bonding
set with and without polarization (*** and diffuse ¢)*° in MgO is strongly ionic. In addition, we assume that the
functions on H or heavy atoms, as well as the approxiffiate acetylide dissociates and binds to the surface as=&C and
triple-¢ 6-311G basis sét with similar augmentation. We  H®*. Therefore it is reasonable to assume that diffuse functions
considered the adsorption complex to consist of three regions:may be needed. As Table 8 shows, using 6-3G% in region

the two H and C of the acetylide (region 1), the Mg and O to 1 reduces the error in the surface-bound C to approximately
which the acetylide is bound (region 2), and the remaining three 1.0 ppm. Unfortunately, the error in the terminal carbon is
Mg and O (region 3). Different basis sets are used in each increased. With 6-31tG* on the atoms in region 1, there is
region to determine the sensitivity of the NMR data to basis even less sensitivity of the results to the basis sets on more
set size. We were particularly interested in whether a smaller distant atoms. Even when 6-31G is used on all the atoms of
basis set could be used on atoms of the cluster more distant\ig,0, there is only a slight deterioration in the agreement for

from the carbons of interest, without a sacrifice in accuracy.

The results are presented in Table 7. All values are adjusted to

those of TMS calculated at the same level of theory.

If 6-31+G* is used on region 1, the difference between the
theoretical and experimental values for the C bound to the
surface is approximately 10 ppm. The C shifts are relatively
insensitive to the basis sets used on the atoms in the othe
regions, although there does appear to be a slight increase i

accuracy for the terminal C as more flexible basis sets are used

in regions 2 and 3.

the terminal carbon.

We also completed a similar study using the basis sets of
Schafer and Ahlrichs. The Schafehlhrichs basis sets used
included dzp (O (8s4pld)/[4s2pld] and Mg (11s5p)/[6s2p]), tzp
(H (5s81p)/[3s1p], C, O (9s5pld)/[5s3pld], and Mg (12s9p)/

I[755p]), and tzplarge (H (5sl1p)/[3slp] and C (10s6pld)/

6s3pld]). For the tzp and tzplarge basis sets we also added
ingle diffuse s and p functions obtained by even-tempered

expansion. We refer to those basis sets a$ tapd tzplarge-.

All the Schafer-Ahlrichs basis sets were used with five d

There is considerable evidence in the literature that basis SEtSfunctions. These basis sets have been found to give good results

of triple-¢ quality or better are needed to obtain accurate
theoretical NMR data for neutral or positively charged organic
species. We thus also did a number of calculations in which
the approximate triplé-basis set 6-311G* was used in region

1, while other basis sets were used on the remaining regions.

The 6-311G* basis set gives better agreement with the experi-
mental values for both carbons, reducing the error by about half.

(42) Beck, L. W.; Xu, T.; Nicholas, J. B.; Haw, J. F.Am. Chem. Soc.
1995 117, 11594-11595.

(43) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213.

(44) Francl, M. M.; Petro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon,
M. S.; DeFrees, D. J.; Pople, J. A. Chem. Phys1982 77, 3654.

(45) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Shleyer, P. v. R.
J. Comput. Chenl983 4, 294.

(46) Grev, R. S.; Schaefer, H. F., Ill. Chem. Phys1989 91, 7305~
7306.

for NMR calculations of a variety of systems. In this case we
forego the consideration of a douklesasis set on the carbons,
instead using only triplé-basis sets (tzp, tzp, or tzplarget).
However, we also divided the cluster into four regions,
considering the C and the H separately. With tzp on C, the
errors relative to experiment are approximatety2ppm. As
was the case for 6-311G* and 6-3#G*, the theoretical values
for the C bound to Mg are upfield of experiment, while those
of the terminal C are downfield. The results obtained with these
basis sets are given in Table 8.

Adding diffuse functions to the C basis sets reduces the error
for the Mg-bound C and increases it for the terminal C. Similar
behavior was exhibited when we added diffuse functions to the
6-311G* basis set. There is not much difference in the results
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if we further expand the basis set to tzplatgeThe error for of this basis set combination, we also obtained the value for
the terminal C decreases by approximately 1.0 ppm. Interest-the carbons in gas-phase acetylene. The calculated isotropic
ingly, the error when dzp is used on the Mg and O to which chemical shift (adjusted for TMS) is 77.0 ppm. This value is
the acetylide is bound is much larger when tzplarge used 6.1 ppm downfield of the experimental chemical shift of 70.9
on C than when we use t#p Thus, even when a rather large ppm?#8
basis set is used on the atoms of interest, there can still be Note that, during this analysis, we assumed that the peaks
significant effects on accuracy if the basis sets on nearby atomspbserved experimentally were due to an acetylide and that the
are inadequate. Mg4O, cluster would serve as an adequate model of the most
We chose to use the Schaeféthlichs basis set for the rest  active sites. Due to the wealth of data presented earlier, we
of the NMR calculations presented in this work. Considering felt that these were valid assumptions. The fact that the
the results presented above, we chose to use tzptaogeC, agreement between the theoretical and experimental values
tzplarge on H, tzp on the Mg and O associated with the adsorbedbecomes better as we make reasonable increases in the basis
species, and dzp on the remaining Mg and O. This schemeset size further justifies these assumptions.
affords good accuracy, while allowing us to save computer time
through the use of a smaller basis set on the distant atoms. Thi
saving, of course, is more important for the larger MgO clusters. - — - -
The predicted absolute shielding for C in TMS at this level of 19§‘g7)72'f2§*5?‘”' R Binkley, J. S.; Seeger, R.; Pople, JHAChem. Phys.
theory is 194.4 ppm. To further gauge the expected accuracy (48) Jameson, K.; Jameson, Chem. Phys. Letl987 134, 461—466.

JA980384H




