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Theoretical calculations are reported for the interaction potential pf+NH;. The existence of loosely

bound physisorbed states separated by sizable barriers from more tightly bound states more akin to dissociative
chemisorption is predicted. These findings correspond to experimental results on this system which suggest
ammonia desorbs intact from small silicon clusters, a behavior expected for physisorbed species. Qualitative
explanations using frontier molecular orbital theory help explain the differences between the interaction of
ammonia with small clusters and bulk silicon.

. Introduction general term$%1° For example, investigations of various
. . . isomers of larger clusters, such asosShave proposed that

One of the gifts that Raphy Levine brings to the study of pimodal reactivity observations are due to the reaction of
molecular reaction dynamics is an ability to find model systems gjfterent clusters. This theme has been further explored from
that provide key ideas in several ways. The chemistry of small 5 experimental perspective, classifying cluster structures as
gas-phase clusters presents one such area where the ability t@jther prolate or oblate and separating the reactivity patterns of
compare behaviors between these small systems and bulkpese two classé8. Mixed silicon and oxygen clusters have
surface chemistry extends understanding beyond the systeMyeen studied!22but these investigations focus on minima of

itself. I_nevitably, gqs-p_hase nan_oclusters _have been subjectedpe potential energy surface after the oxygen is already
to a variety of chemical interrogatiofs® While some of these incorporated with the cluster.

sltudies havr(]e bein usebd to infer.st(;uctural information abqqt thef In this work we have carried out electronic structure calcula-
Clusters, others have been carried out to compare reactivity ofyjo ¢ 1 elucidate the interaction potential for the reaction Si

the clusters with bulk surfaces. ‘_I'he_number of e_Iements V\(hose + NH3. Twenty-two stationary points were found on the surface
cluster chemistry has been studied is wide-ranging, and silicon i jy,ding local minima and transition states. While not an
clusters prowde some of the most intriguing observat.|o.ns. FOr exhaustive description of the potential surface, these points allow
example, while many metallic clusters show reactivity that g 1, characterize the probable molecular reaction dynamics this
rapidly approaches the limit shown by bulk surface chemiStry, g stem undergoes. In particular, our calculations show the
s!l!con clusters 6often react substantially different than bulk probable existence of loosely bound adducts, akin to physisorp-
silicon surfaces: tion that are separated by a sizable barrier from more stable
The reaction of ammonia on silicon is one example of these stryctures that resemble dissociative chemisorption. These
differences. For the bulk surface the use of ammonia for observations correlate with observed experimental data and also
chemical vapor deposition (CVD) of silicon nitride and oxyni- extrapolate relatively well to bulk surface chemistry and its
tride films has led to a number of theoretitdand experimen-  (ifferences to the nanocluster chemistry. Additional qualitative
tal%"12 studies. This reaction shows sensitivity to several insight connecting these systems can be garnered using frontier
experimental details, such as surface symmetry and reconstrucmolecular orbital theory arguments. We organize our presenta-
tion, but dissociative chemisorption is regularly evideatless  tion as follows. Calculational methods are presented in section
the experiment is carried out at low temperatireSor small I, and results of the electronic structure calculations are given
silicon C|USterS, Jarrold and co-workers found evidence that in section Ill. The Conc|uding discussion is given in section
ammonia dissociates intat!* a result that is different than |y
the preponderance of bulk surface chemitry? Smalley and
co-workerd>16 have also studied this reaction, and there has || Methods of Calculation
been some controversy over issues such as magic numbers,
cluster sizes that are relatively inert under the reaction conditions  For the electronic structure calculations, we employed effec-
obtained. This controversy arises with clusters, notably larger tive core potentials (ECP) for the nitrogen and silicon atoms.
than the trimer we have studied here. Other reactions on silicon The ECP that we used are the compact effective potentials of
clusters, such as that of oxygé&halso find unusual trends. Stevens, Basch, and Krauss (SBR)These have been shown
Theoretical studies of silicon clusters have been primarily 0 Provide results in very good agreement with analogous all-

directed at structural issues and predicting reactivity in more €l€ctron calculations, while reducing the computational effort
by eliminating the explicit treatment of chemically inactive core

electrons.
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Figure 1. Energy levels of the stationary points determined on the potential energy surface-fdit&i Part a (top) shows the energies for the
optimized HF level structures, while part b (bottom) shows the same structures with single-point MP2 corrections. Minimum-energy paths between
transition states and local minima are indicated as well.

silicon centers and a 4-31G basis for hydrodernThe basis any of the results obtained with out d orbitals on silicon. To
set was augmented by one diffuse d function on each N or Sithe hydrogen basis was adte p orbital with exponent 1.1.
center, with exponents 0.80 and 0.395, respectively. The Molecular structures and transition-state (TS) geometries for
importance of including d orbitals on these atoms for the correct 22 stationary points on the potential energy surface were
prediction of structures has been stressed previdsigd our determined at the single-configuration HF self-consistent field
study supports those observations, though we do not presen{SCF) level. TS geometries were optimized such that the rms
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Figure 2. Structures for the 22 stationary points on the potential energy surface characterized in this work. Local minima are indicated by letters.
and saddle points are designated by numbers. All structures are optimized at the RHF/ECP SBK** level of calculation and confirmed as either
minima or transition states by Hessian calculations.

energy gradient with respect to internal coordinates was less22 structures are given in Figure 2. On the left of the diagram,
than 0.1 cm¥/bohr. Local minima geometries were located in the sum of the energies for the separated ammonia and silicon
a fashion similar to within 2 cmi/bohr or better. trimer fragments is indicated. Local minima are indicated by
Numerical Hessians were performed at each of the stationaryletters, and saddle point structures are indicated by numbers.
points, thus verifying their status as either local minima or TS.  The At andAc levels correspond to two orientations of BH
While more time-consuming than analytic Hessians, this physisorbed on $i These geometries posse8ssymmetry,
technique provides the dipole derivative tensor and certainly with N, one H, and all Si atoms coplanar. The ¢ and t subscripts
verifies whether stationary points are local minima or saddle indicate that the coplanar H is “cis” or “trans” with respect to
points. Minimum-energy paths (MEP)which connect TSto  the second-nearest Si atom. The shortest siticilicon bond
local minima were calculated using the Gonzal€shlegel length is shared by the silicon pair of atoms that are not directly
(GS2) second-order methé8.A number of the transition states  involved in the dative bond. That structure is 0.015 eV lower
under consideration lie at positions on the potential energy in energy than thé\c structure, and its energy is taken as the
surface with small curvature in the direction of the MEP, as reference point energy in this diagram.
evidenced by relatively modest negative eigenvalues in the  There are three saddle point structures that could influence
Hessian computed at those TS. Such circumstances requirgne dissociation of Nkito NH, -+ H on the silicon trimer. The
some care in performing the initial steps away from the TS into geometries of these transition states are given by struclyres
the MEP if the reaction pathway is to be reliable. We found 3 and4in Figure 2. As is clear from the energy level diagram
the GS2 procedure quite adept at handiing, in an automatedrigyre 1), the barriers to dissociation are relatively large along

fashion, the construction of MEP for difficult instances such as {he indicated MEP. The highest energy pathway (throtigh
we encountered and use that method for all MEP calculations. |g54s to structureC with a hydrogen attached to the silicon

Second-order perturbation theory (MFnergy corrections  ajready bonded to the nitrogen, a 1,2 transfer. This pathway
were computed at the RHF optimized geometries. All calcula- seems unlikely to compete with the two lower energy transition
tions were performed with GAMESS. states { and4) for 1,3 hydrogen transfer. With MP2 energy
corrections, our calculations predict the barriers to be 0.96, 1.22,
and 1.78 eV above that energy.

The energy levels corresponding to 22 symmetry distinct  The planar structure resulting from the 1,3 proton transfer
stationary points of the RHF potential energy surface o8l through?2 is designated aB. It lies lowest in energy on the
are shown schematically in Figure 1. The geometries of the RHF potential surface of all the structures treated presently.

I1l. Discussion of Results
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Figure 3. A sample reaction path for the interaction of ammonia with silicon trimer. The loosely bound physisorbed state (A) must overcome a
large barrier (2) to undergo dissociative chemisorption. Once this barrier is traversed many possible local minima are readily accessed. In this
example the final destination is a four-member ring, where, Réb inserted into a SiSi bond.

When MP2 single-point energy calculations are included, the exception of the isomédf which is a planar two-proton-
however, a second structure, designate@®abecomes lower  transfer product in which the relocated hydrogen atoms are
in energy. The relative energy ordering of these two structures attached equatorially at the vertexes of the silicon ring. The
could alter again upon optimization at the MP2 level, but the remaining energy levels are separated into two tiers, with one
general scheme of the reaction dynamics would not be alteredgroup at roughly—0.7 eV with respect to thét energy, and
by this information. Features of the MEP proceeding frdm  another group in the vicinity of-1.3 eV. Broadly speaking,
to B indicate a low-energy rearrangement followed by -aHN the group of structures belonging to the upper tier, structures
bond breakage which appears as a rather abrupt event on th&—1, 5—8, and10, have the common feature that the ring has
MEP. at least partially opened, as seen in Figure 2. This set of
The competing 1,3 proton transfer requires the ammonia chainlike structures all lie very close in energy to each other,
fragment to swing out of the plane of the silicon trimer and with no substantial barriers to rearrangements. With one
ultimately leads to another structure that does not maintain the exception (for a transition state), all of the structures in this
closed Sjtriangle. We designate the resulting structure for this upper tier of energy levels have geometries in which the reacted
dissociation pathway a6. It has the interesting feature that proton is bonded to the middle of the chain, i.e., the second
the migrating hydrogen moves to a bridging site at the 3,4 silicon (from the nitrogen atom) at position 3. Of course, for
position. Bridged structures for §l, have been previously G and| the hydrogen atom is bridged to the third silicon at
investigated? It is worth noting that the presence of the diffuse position 4 as well. It is interesting to note that the present
d orbitals used to augment the silicon basis set is required in calculations have not been able to identify a MEP directly from
order for this structure to appear on the calculated potential the H-bridged structures to a chain isomer and that neither of
energy surface. A second structure, structuiie similar toG the characterized 1,3 proton transfer MEPs leads directly to a
in exhibiting a monobridged feature but lies slightly higher in chain structure. The majority of geometrical differences in this
energy. tier of structures results primarily from low-energy rotations of
We did not locate a transition state that one might expect to the NH, group about the closest silicon atom.
lie on the MEP betweeAt andAc, which would represent the In contrast, the lower tier of energy levels, structuBesF
barrier to NH rotation (NS coplanar). This torsional motion  and 9, correspond to silicon trimer rings and to two four-
is only slightly hindered, so gradients along this direction were membered rings. It is not particularly surprising that instances
difficult to minimize to a saddle point. Nonetheless, the where the closed trimer structure is maintained lie at lower
distinction betweert andAc is probably not significant when  energies than where it is not. Much of the theory of magic
considered relative to the sizable activation energy required for numbers in silicon clusters is associated with the minimization
the ammonia decomposition along the MEP thro@ghr 4. of “dangling bonds”, unfuffilled silicon atom valencié&s.1® This
However, we have characterized an out-of-plane rotation of NH tier of structure has the general feature of removing dangling
which connect#\c to At through structuré. It is reasonable bonds by forming ring structures.
to expect that the rotation of NHvould occur with a lower TheK isomer is the only product resulting from two proton
barrier than this out of plane distortion. Structi8enay be transfers that we consider here. It lies only 0.085 eV in energy
important when one considers the motions of physisorbed below the chemisorbed stafé¢ and 0.66 eV above the closest
ammonia on silicon surfaces, as the out-of-plane distortion might HSisNH, energy level, so it is unlikely to compete as a
resemble a precursor for surface hopping in extended systemsdestination for dissociative behavior. A treatment of the
Those isomers whose energy levels lie belsinin Figure 1 energetics of silylene and its isomers by Truong and Go¥don
all correspond to single proton-transfer products,BikH, with indicates that HSiNKlis the global minimum on the SiNH
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potential energy surface, with,BiNH lying 0.78 eV higher in Second, while there are states that show molecular ammonia
energy than HSINK Similarly, the present findings suggest interacting with silicon clusters, they are not favored in terms
that decomposition to N§BisH will be favored over NHSH,. of the total energy. States in which one hydrogen atom transfers

To consider the broad features of this potential energy to a silicon are generally lower in energy than the molecular
hypersurface, we consider an example reaction path, depictedadsorbed states. For this single hydrogen-transfer state, those
in Figure 3. There is nothing particularly special about this that retain a ring structure for the silicon trimer are more stable
path, except that several saddle points have been characterizethan cases where the ring is opened or partially opened. Double
along it. Along this path, and presumably others, there is a hydrogen transfer is not favored for this system. All of these
physisorbed-like state with ammonia interacting molecularly states are separated by a large barrier from the molecularly
with the silicon cluster. After overcoming a sizable energy absorbed states.
barrier, 1,3 hydrogen transfer may occur leading to a process Finally, some structures located on the potential energy
resembling dissociative chemisorption. This process is sub- surface show bridging hydrogen atoms. These structures are
stantially exothermic, enough so that the initial local minimum not a surprise in light of similar results for silaacetyléfe.
reached after traversing the barrier is not likely to be the only Current experiments are not directed toward observation of this
one visited. In the example shown a series of ring-opening level of structural detail. It should be noted, however, that the
states and hydrogen migration ultimately leads to a four- vibrational frequencies of such bridging hydrogens are distinct
membered ring with NKlinserting into the silicon trimer. All from more conventional SiH single bonds! so appropriate
of these latter processes may occur based only on the exotherspectroscopies, if developed, could confirm the existence of this
micity of the chemisorption process. This example path does type of structure. The signal from bridged hydrogen would be
not show a second hydrogen transfer. We have not been ablesmall but not buried beneath the nonbridged hydrogen signal.
to locate any saddle points for such a process, and the product,

NHSizH,, is likely to be significantly less stable than those local ~ Acknowledgment. This work was largely carried out under
minima shown in the example path. the auspices of the EPSCoR program of the State of South

Considering these results in light of experimental studies of Dakota. Funding from the South Dakota Future Fund and the

clusters and of bulk surface chemistry provides some useful National Science Foundation, NSF-OSR-9108773, is gratefully
insight. The existence of a sizable barrier between the phys-acknowledged.

isorbed stateAt andAc, and lower energy states that resemble

dissociative chemisorption products corroborates the possibility References and Notes

that experimental conditions exist where the intact dissociation (1) morse, M. D.: Geusic, M. E.; Heath, J. R.; Smalley, RJIEChem.

of ammonia is favored. Nonetheless, the lower energy dis- Phys 1985 83, 2293. St. Pierre, R. J.; Chronister, E. L.; El-Sayed, M. A,

sociative states could be accessed under different experimentaf: Phys. Cheml987 91, 5228. Parks, E. K.; Weiller, B. H.; Bechtold, P.
S.; Hoffman, W. F.; Nieman, G. C.; Pobo, L. G.; Riley, S.JJ.Chem.

conditiqns giving rise to obsgrvations more aki!'l to bulk Phys 1988 88, 1622. Cox, D. M. Trevor, D. J.; Whetten, R. L.; Kaldor,
properties. The energy clustering of these dissociative statesa. J. Phys. Cheml988 92, 421. Elkind, J. L.; Weiss, F. D.; Alford, J. M.;
with one hydrogen migration favored may indicate that small Laaksonen, R.T.; Smalley, R. . Chem. Phys1988 88, 5215. Parks, E.

i ; : ; ; K.; Klots, T. D.; Winter, B. J.; Riley, S. JI. Chem. Physl993 99, 5831.
silicon clusters resemble % 7 Si(111) in their chemical Jarrold, M. F.J. Phys. Chemi995 99, 15.

reactivity? We must admit the possibility, however, that these (2) Creegan, K. M.; Jarrol. F. J. Am. Chem. Sod99Q 112, 3768.

states are favored because of the relatively small number of SiJarrold, M. F.Science1991, 252, 1085. Jarrold, M. F.; Honea, E. .
atoms in our system. Phys. Chem1995 95, 9181.

(3) Maruyama, S.; Anderson, L. R.; Smalley, R. E.Chem. Phys

. 199Q 93, 5349. Alford, J. M.; Laaksonen, R. T.; Smalley, R.E.Chem.

IV. Conclusions Phys 1991, 94, 2618. Anderson, L. R.; Marayuma, S.; Smalley, RCEem.

) ) Phys. Lett 1991, 176, 348.

We have reported on electronic structure calculations for the  (4) Mandich, M. L.; Reents, W. D., Jr.; Kolenbrander, K. D.Vac.

interaction of ammonia with a silicon trimer as a representative Sci. Technol. BL989 7, 1295.

: ih ; (5) Creasy, W. R.; O'Keefe, A.; McDonald, J. R.Phys. Cheni987,
potential energy surface for silicon cluster chemistry. We have o, 205" 5701 M. F.~ Bower, J. 8. Am. Chem. S0d989 111 1979,
identified 22 stationary points on the RHF potential surface. (6) Waltenburg, H. N.; Yates, J. T., Jthem. Re. 1995 95, 1581.
While this is not an exhaustive survey of the possible structures  (7) zhou, R.-H.; Cao, P.-L.; Fu, S.-Burf. Sci 1991, 249, 129.
and improvements to the structural and energy predictions '[hatG A(‘S)SMI?ri_aritg‘/,Pl\# W.;R SmLith, i'ggés%f' 8Sécli 1992 265 168. deWijs

i At ; . A.; Sellnic, A.Phys. Re. Lett \ .
can be expected thrqu_gh opgr_nlzanon Wlt.h correlated wave (9) Bozso, F.; Avouri, PhPhys. Re. Lett 1986 57, 1185. Avouris,
functions, we expect it is sufficient to provide several useful pp -'Bozso, F.: Hames, R.dI.Vac. Sci. Technol. B987 5. 1387. Wolkow.

characterizations. R.; Avouris, Ph.Phys. Re. Lett 1988 60, 1049. _

First, the existence of states that resemble physisorption of 1%% 5052{%’ B. G.; Coon, P. A; George, S. M.Vac. Sci. Technol.
intact ammon'a on the silicon clust(_ar pro,‘"des |mporta_1nt (11) C’olaianni, M. L.; Chen, P. J.; Yates, J. T.,JrChem. Physl992
corroboration of experimental observation of intact desorption 96, 7826. Colaianni, M. L.; Chen, P. J.; Nagashima, N.; Yates, J. TJ, Jr.
of ammonia from silicon clustefs. This behavior in clusters  Appl. Phys 1993 73 4927. _
stands in contrast to most bulk surface studfe& Consid- 32i1i)115t°ber' J.; Eisenhut, R.; Rangelov, G.; FausterSTit. Sci1994
eration of frontier molecular orbital arguments helps to rational- ~(13) Bower, J. E.; Jarrold, M. B. Chem. PhysL992 97, 8312, Jarrold,
ize this difference further. The pertinent frontier orbitals in M. F.; Ray, U.; Creegan, K. MJ. Chem. Phys199Q 93, 5709.
cluster chemistry, particularly for small silicon clusters, show  (14) Patterson, C. H.; Messmer, R.Fhys. Re. B 199Q 42, 7530.

unfavorable energy gaps to allow facile dissociative reactivity Ch(elg) 5;‘;’3"1%9?1%%921?5 - Phys. DI98A 13 301 Jug, K Krack M

of the ammonia. Because thg smaller cIu_sters are highly (16) Raghavachari, KI. Chem. Phys1985 83, 3520. Rohlfing, C. M.;
unsaturated, a state not energetically conducive for silicon, the Raghavachari, KJ. Chem. Phys1992 96, 2114.

LUMO needed to interact with the ammonia lone pair HOMO  (17) Brown, W. L.; Freeman, R. R.; Raghavachari, K.; Schluter, M.
is too high in energy. By contrast, surface reconstruction on Sckelggelsﬁ?fﬁ%g?% ddershede. 3. Diercksen. G. H. F.- Gruner. &, E

bulk silico.n provides surface states that interact favorably with chem, phys1986 84, 354. von Niessen, W.; Zakrzweski, V. G.Chem.
these orbitals. Phys 1993 98, 1271. Phillips, J. CPhys. Re. B 1993 47, 14132.



9536 J. Phys. Chem. A, Vol. 102, No. 47, 1998

(19) Andreoni, W.; Ballone, FPhys. Scr1987 T19 289. Jeski, D. A,;
Wu, Z. C.; George, T. FChem. Phys. Letf1l988 150, 447. Flytzanis, N.;
Mistriotis, A.; Farantos, SJ. Phys. (Paris}1989 50, C3—89. Kaxiras, E.
Phys. Re. Lett 199Q 64, 551. Lee, S.-LTheor. Chim. Act1992 81, 185.
Wales, D. JJ. Chem. Soc., Faraday. Trank992 88, 653.

(20) Jarrold, M. F.; Constant, V. APhys. Re. Lett 1991, 67, 2994.
Jarrold, M. F.; Bower, J. E]. Chem. Phys1992 96, 9180.

(21) Melius, C. F.; Goddard, W. APhys. Re. A 1974 10, 1528.

(22) Krauss, M.; Stevens, W. Annu. Re. Phys. Cheml1985 35, 357.

(23) Stevens, W. J.; Basch, H.; Krauss, 31.Chem. Phys1984 81,
6026. Stevens, W. J.; Basch, H.; Krauss,G&n. J. Chem1992 70, 612.

(24) Cundari, T. R.; Stevens, W. J. Chem. Phys1993 98, 5555.

(25) Ditchfield, R.; Hehre, W. J.; Pople, J. A.Chem. Physl971, 54,
724.

(26) Gordon, M. S.; Francisco, J. S.; Schlegel, H. BAdvances in

Ratcliff and Holme

Silicon ChemistryLarson, G. L., Ed.; JAI Press: Greenwich, CT, 1993.

(27) Schmidt, M. W.; Gordon, M. S]. Phys. Chem1988 92, 1476.
Baldridge, K. K.; Gordon, M. S.; Steckler, R.; Truhlar, D. & Phys. Chem
1989 93, 5107.

(28) Gonzales, C.; Schlegel, H. B. Phys. Chem 199Q 94, 5523.
Gonzales, C.; Schlegel, H. B. Chem. Phys1991, 95, 5853.

(29) Dupuis, M.; Chin, S.; Marquez, A. IRelatwistic and Electron
Correlation Effects in Molecules/alli, G., Ed.; Plenum: New York, 1994.

(30) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;
Gordon, M. S.; Jensen, J. J.; Koseki, S.; Matsunaga, N.; Nquyen, K. A;;
Su, S.; Windus, T. L.; Dupuis, M.; Montgomery, J. A. Comput. Chem
1993 14, 1347.

(31) Koseki, S.; Gordon, M. S. Phys. Cheml988 92, 364. Colegrove,
B. T.; Schaefer, H. F., l10. Phys. Chem199Q 94, 5593.

(32) Truong, T. N.; Gordon, M. SI. Am. Chem. Sod 986 108 1775.



