Chemistry 4021/8021 Computational Chemistry 3/4 Credits
Spring Semester 2009
(Dues5/4/04)

Problem 1 provides you with only very general instructions for certain tasks. You are not merely
encouraged but expected to ask for advice/help as you need it. Of course, first you should think
about things, but after that, talk to me, Zahid, or a confident classmate.

1. Mixing Ag(CN), and Ni(CO), in chloroform under a CO atmosphere, you isolate
a solid precipitate that microanalysis and mass spectroscopy indicate to be
NiC,N,0,. A "C NMR spectrum of the precipitate in chloroform with Ni(CO),
added as an internal standard shows a strong peak 6.6 ppm upfield from Ni(CO),
and a much smaller peak 8.4 ppm upfield from Ni(CO),. There is also a very
strong peak 84 ppm upfield from Ni(CO),. An IR spectrum of the precipitate in a
KBr pellet shows a strong absorption at 2154 cm™' and very weak
absorptions/shoulders at 2143, 2170, and 2188 cm™.

After three recrystallizations from diisopropyl ether, your solid is composed of
beautifully twinned light orange crystals. NMR and IR spectra of the
recrystallized solid show only the strong peaks noted above, and none of the weak
ones.

An ultraviolet spectrum of the recrystallized solid in freon (who knew it would be
soluble?) shows absorptions at 310 and 333 nm.

Here are the questions:

a. What is the structure of the molecules in the recrystallized solid? In a narrative
fashion, describe in some detail how you came to your conclusion. Note that
achieving 100% confidence can be very much more expensive than 99%
confidence. It is perfectly OK to be satisfied with 99%.

Ni(CO), is a well known comjgoumf that would appear to have some relevance to the
suE_ject compounds. Thus, as a smrting point, 9 benchmarked levels of tﬁeory
based on their aﬁiﬁ’ty to compute known yroyerties @C nickel tetmcarﬁony[ A
quicE search of the web turned up that the molecule is tetrahedral (7-:[
symmetry.’) with NiC bond [engtﬁs of 1.838 A and CO bond [engtﬁs of 1142 4
and a CO stretcﬁing frequency @C 2058 ¢cm™. 1 tested 9—((1—"/6—31@(6{), HCTH/6-



31@(60, and 2898/6-31g(d). The fina[ method gave bond ﬁmgtﬁs of 1.809 and
1.146 for NiC and CO, resyective[y, and 1 decided that this was goocf enougﬁ
(using a much Eigger basis set migﬁt have improvec{ tﬁings, but 1 decided that
that would cost too much). The CO stretcﬁing frecluency for Ni(CO), was
comjoutec[ at the Bo8 level to be 2145 cm’, which is 4% too ﬁigﬁ—aﬁout what is
exyectecf since Bo8 is a ﬁyﬁrid model incfuc{ing HF excﬁcmge, and that causes
requencies to be a bit too ﬁigﬁ. So, Tl scale other frecluencies comjoutecf at this
level By 95.9%. (Note, incidentally, that there is no 6—31g(c{) basis set for Ni,
but Go3 Ey convention uses a so-called McClean-Chandler basis for the ﬁ’rst—
row transition metals when 6—31@(6{) is listed in the Eeyword [ine. Note also that
there is no guarantee that we should expect our nickel systems to have sing[et
grounc[ states, but it is a trivial matter to check that these states are indeed the
lowest in energy—most qf you Joroﬁaﬁfy just cfefau[tecf to cﬁoosing a sing&et state
and gave it no furtﬁer tﬁougﬁt‘)

As for the unknown solid, an obvious choice is that the }Woefuct @C the initial reaction is
Ni(CO),(CN),. Ni" com})oum{s are usua@ square Jo[emar, so there should be
on[y two stereochemical possiﬁiﬁties, one where the carﬁony[ groups are trans to
one another (Day symmetry) and one where tﬁey are cis (Cy, symmetry)’ 7
oytimizeef the geometries for each at the 398/6—31@(6{) level and com}outed TR
frequencies and BC isotropic NMR sﬁiefafings (1 also computeo[ NMR
sﬁiefeﬁngs for Ni(CO), since that molecule was used as the internal standard for
the spectm[ measurements). Note that NMR chemical sﬁiﬁs are reportec{ as
cfesﬁie[cfings usually, so a ﬁigﬁer sﬁie[cfing means an ujoﬁe[c[ 5ﬁifr and a lower
sﬁiefeﬁng means a c[ownﬁ’e[d sﬁyﬁt In any case, here are the data:

Property Trans (1724) isomer Cis (sz isomer
H, (F) ~1920.245 87 -1920.237 89
ﬂ-ﬁgﬁ intensity TR
yeaés scaled By 2154 2143, 2170, 2188
0.959 (cm™)
5C NMR sﬁie[c[ings
relative to Ni(CO), 6.6, 84.0 8.4, 84.1
(ppm)

Q\/[y, my, what remarkaﬁ[y close agreement with exyeriment..‘ fvicfentfy my solid is a
mixture Jorec[ominantfy com}oosecf of the trans isomer (wﬁicﬁ, comfoﬂing@, is
the one that’s lower in energy, albeit ﬁy too much Joroﬁaﬁfy to assume that the
}Woefuct mixture s Joroc[uceef from a tﬁermoc@namic equifiﬁrium).
Recrysm[ﬁzation removes the cis isomer ﬁom the crude yrecijoimte



b. To what electronic transitions do the two peaks in the UV spectrum correspond
(show pictures of the orbitals)? Based on the nature of these transitions, how
might you expect the geometries of the first and second excited states to differ
from the ground state (don’t do an excited-state geometry optimization, just infer
from the orbitals).

A survey qf the first 6 excited sing[et states using TDDFT (B 98/6—31§(d)) fimfs that
on[_y the second and sixth have non-zero oscillator strengtﬁs, and fascinating[y
enougﬁ the Jorecficteaf aBsmjotions are at 333 and 310 nm. The aﬁsoqotion at 333
nm 1is ]Jrecfictecf to be comjofete[y dominated By a HOMO-> LUMO transition
(orﬁita[ 41942) while the aﬁsmjation at 310 nm is Jored’icted' to be dominated Ey
a 39242 transition. Pictures of these 3 orbitals are:

39 41 (HOMO) 42 (LUMO)

So, orbital 39 is a fair[y pure dy,> orbital on Ni, orbital 41 is an antisymmetric
combination @( CN =t bonds with a weak antiﬁonafing interaction with Ni, and
orbital 42 is a s_ymmetm’c combination of CO mt* antibonds with no sigmficant
Ni contribution (on[y a Ni P2 orbital would have the rigﬁt Joﬁase behavior to
particiyate in this orbital, and no such orbital is nearﬁy in energy). Tl hus, we
would call the 333 aﬁsmjotion a [igcmc[%[igamf transition that moves cﬁarge
from the CN fmgments to the CO fmgment& LooEing at the orbital Jaﬁases,
aﬁzpoyufan’ng the CN° Bonﬁng orbitals will ﬁzngtﬁen the C'N bonds in the excited
states and ]Joyufation the CO antiﬁoncfing orbitals will [engtﬁen the CO bonds.
The two carbon atoms of the CO [igcmc[s will be drawn closer to the central Ni
atom to maximize the 6onafing T over[a}a between them and the two carbon
atoms qf the CN° fmgments will also be drawn closer to ‘Ni since the afe}oqou[ated'
HOMO was antiﬁonafing between Ni and C. As for the 39242 transition, this
would be called a mem[—to—[igamf cﬁarge tmnsfer (MLCT) band. The excited
state geometry should see the CN fmgments [arge[y unqﬁectecf (there is no
sigmficam contribution of CN orbitals to either the cfe})oyufatecf or Jooyu[ated



orbitals in the excited state). illgm’n, however, we expect the CO fmgments to
draw closer to Ni and to ﬁangtﬁen the CO bond.

2. Here continues a problem that will carry over to the final exam. We add to the data at:
pollux.chem.umn.edu/8021/C5H8N2/

Full credit for sensible data.



