Solvent Effect on (2,2,6,6-Tetramethylpiperidine-1-yl)oxyl (TEMPO): A RISM-SCF-SEDD study
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The solvent dependence of several properties of (2,2,6,6-Tetramethylpiperidine-1-yl)oxyl (TEMPO) is inves-
tigated by the reference interaction site model self-consistent field (RISM-SCF) theory. Time-dependent density
functional theory (TDDFT) coupled with RISM-SCF-SEDD (spatial electron density distribution) is used to
evaluate the n — 7™ transition energies and the results are compared to the reported experimental values.
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I. INTRODUCTION

Radicals, both fleeting intermediates and stable com-
pounds, have generated much current research interest [1].
Persistent nitroxide radicals are of particular significance be-
cause of their wide applicability in radical polymerization [2—
4] and photochemical reactions [5, 6]. These radicals play
an important role in biological systems as antioxidants, spin
traps, spin labels and in magnetic resonance imaging applica-
tions and materials chemistry [7-9]. Interestingly, these radi-
cals generally possess very low toxicity and are not mutagenic
[10].

One of the more widely used nitroxyl radicals is (2,2,6,6-
Tetramethylpiperidine-1-yl)oxyl (TEMPO) [11], a stable free
radical compound first prepared by Lebelev and Kazarnovskii
in 1960 [12]. TEMPO was the first nonconjugated nitroxyl
radical to be synthesized and its persistent free radical na-
ture has been attributed to the kinetic stability imparted by
the presence of its bulky substituents [13]. The steric crowd-
ing around the radical center makes it physically difficult for
the radical to react with another molecule [14]. Stable nitrox-
ide radicals such as TEMPO are also well-known quenchers
of excited singlet, doublet, and triplet states [15].

TEMPO is widely used in the oxidation of several func-
tional groups [16, 17], particularly on its application in the
oxidation of primary and secondary alcohols [18]. The excel-
lent solubility of TEMPO in both polar and nonpolar organic
solvents and water has also lead to its use as a standard base
for the measurements of Lewis acidity of solvents by monitor-
ing n — 7" transition [19]. An earlier study [20] reported the
TEMPO solvatochromism and electronic distribution through
the time-dependent density functional theory (TDDFT) frame
with the polarizable continuum model (PCM) solvation.

In this work we investigate the solvent dependence of sev-
eral properties of TEMPO using the reference interaction site
model self-consistent field [21-23] with spatial electron den-
sity distribution (RISM-SCF-SEDD) [24, 25], an ab initio
electronic structure theory that takes account of the solvent
reaction field in molecular detail. This theory simultaneously
optimizes the electronic structure of the solute in solution
and the statistical distribution of the solvent molecules around
it. In recent work, the method was applied to excitation en-
ergy of aqueous solvation of p-aminobenzonitrile over a wide

range of thermodynamic conditions based on CASSCF and
MCQDPT2 methods[26]. TDDFT coupled with RISM-SCF-
SEDD is used here to evaluate the n — 7* transition energies
and the calculated results are compared to the reported exper-
imental values.

II. COMPUTATIONAL DETAILS

Geometry optimizations and frequency calculations, in
vacuo and in solution, basically employed BPW91 [28, 29]
method based on the unrestricted treatment with the 6-31G(d)
basis set. The effects from diffuse basis set, the functional in
DFT and the long-range (LC) correction were also checked.
The electronic structure of TEMPO in solution and the distri-
bution of the solvent around it were solved in a self-consistent
manner by RISM-SCF-SEDD [24, 25]. It combines ab initio
electronic structure theory and statistical mechanical theory of
molecular liquid. Total energy of solvation system is defined
as the sum of quantum chemical energy of the solute (Egojyte)
and solvation free energy (Au) [23].

A = Esolute + Al = (¥P|Ho[¥) +Ap. (1)

Since the electronic structure of the solute molecule and
the solvation structure around it are determined in a self-
consistent manner, the wave function of the solute molecule
is distorted from that in the isolated state. Solvation free en-
ergy in the present framework of the theory (excess chemical
potential derived under the hyper-netted chain (HNC) approx-
imation) is given by

Al — —% az / dr [cas(r) - %has(r) + %hm(r)cas(r) L2

where hy,(r) and cq4(r) are respectively total and direct cor-
relation functions between solute site & and solvent site s.
B =1/kpT, where kg and T are the Boltzmann constant and
temperature, p is number density of solvent. Applying varia-
tional principle to Eq. (1), the Fock operator of the RISM-SCF
theory (F*°V) including a solute-solvent interaction is natu-
rally derived [23].

It is well established that the N-O group is responsible for
the absorption, and n, w and 7" orbitals are generated from



TABLE I: Parameters used for the computations

atom o/A e/kcal mol~! g/l
TEMPO
C 3750 0110 *—
H 1.000 0.056 *—
N 3250 0170  *—
0 3.166 0.155 22—
solvent HyO (p=1.00 g/cm?)
0 3.166 0.155 -0.820
H 1.000 0.056 0.410
solvent CH30H (p=0.79 g/cm3)
CH;3 3.775 0.207 0.265
0 3.070 0.170 -0.700
H 1.000 0.056 0.435
solvent CH3CN (p=0.81 g/cm?)
CH;3 3.775 0.207 0.150
C  3.650 0.150 0.280
N 3.200 0.170 -0.430
solvent CH,Cl, (p=1.32 g/cm?)
C  3.400 0.109 -0.363
Cl 3471 0.265 -0.037
H 2293 0.016 0.218

4 Determined by RISM-SCF-SEDD procedure. See the text for the
details.

the combination of the nitrogen and oxygen orbitals. Both
of n and 7 orbitals are doubly occupied and 7* is singly
occupied in the ground state of doublet state [20]. Excita-
tion energies corresponding to the n — & transition were in-
vestigated by TDDFT calculations coupled with RISM-SCF-
SEDD method. Molecular orbital calculations were per-
formed with the GAMESS [27] package modified by us.

The RISM equations were solved with HNC approximation
[30] at 7= 298.15 K. All the Lennard-Jones parameters used
in this work are summarized in Table I. The parameters em-
ployed for the atoms in the solute molecule were taken from
the OPLS parameter set [31]. To describe the water solvent,
the SPC-like water model [22] was used. Methanol [32], ace-
tonitrile [33], and dichloromethane [34] were also used as sol-
vents.

III. RESULTS AND DISCUSSION
A. Optimized geometry

The optimized geometry of TEMPO is shown in Figure 1
and the pertinent structural parameters are given in Table II.
As is well known, the ring elaborates chair conformation with
C symmetry, in which O1, N1, C1 and two hydrogen atoms
lie in the symmetry plane. The calculations give good agree-

TABLE II: Selected optimized structural parameters of TEMPO
compared to reported X-ray diffraction data

Vacuum® Aqueous Expt [35, 36]

Bond length / A

N-O 1.292 1.296 1.283
Cl1-C2 1.533 1.530 1.508
C2-C3 1.547 1.543 1.520
C3-C4 1.548 1.544 1.543
C3-C5 1.542 1.539 1.513
C3-N 1.510 1.511 1.488

Bond Angles / deg.
C3-N-O 115.7 115.8 116.7
C3-(NO)-C6 124.4 124.7 123.6
C1-C2-C3 113.6 113.6 113.5
C2-C3-N 110.3 109.9 110.6

4 Total Energy=-483.63953 a.u.

ment to experimental X-ray diffraction data [35, 36], although
the bond lengths of N-O and C3-N are slightly overestimated.
The geometry in aqueous solution is not significantly differ-
ent from the gas phase one: The lengths of the C-C bonds are
negligibly decreased (by about 0.002 A to 0.004 A) as well
as the C-N bond (0.001 A). On the contrary, the N-O bond
length is slightly increased (+0.004A). As discussed later, this
should be related to the specific solvation on the oxygen atom
that is exposed to the solvent area. The weakening of double-
bond character of N-O strengthens N-C and other C—C bonds.
Anyway, the structural parameters calculated in the presence
of water solvent have very minimal variation when compared
to the values computed in vacuo. For this work, the general
agreement between the calculated and experimental structural
parameters should be sufficient to analyze trends in the solva-
tion dependence of TEMPQ’s properties. Thus, to reduce the
computational load, the gas-phase optimized geometry is used
in the subsequent computations to assess the effects of various
solvents.
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FIG. 1: 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) and the
atom labels



B. Absorption energy

The pertinent data is shown in Table III. The computed
values show reasonable agreement with the corresponding
experiments though all of them slightly underestimate. A
clear trend is seen, namely, the excitation energy is system-
atically blue-shifted with increasing polarity of solvent. As
for the choice of basis set, no evaluation was done as pre-
vious TDDFT studies [20, 37] have reported that the use of
extended basis set or the use of a triple-{ basis set do not
lead to significant changes in excitation energies. In fact, by
adding diffuse function on oxygen (0/,=0.0845) and nitro-
gen (0 /,=0.0639), the evaluated energy in vacuo was 2.633
eV. We then examined other functionals, e.g. B3LYP, PW91,
BPWO1, PBE and PBEO, but results from these calculations
indicate that the choice of the functional has minimal influ-
ence on the calculated excitation energies, with a difference
of only 0.0371 eV between the highest and lowest calculated
values for the first excited state. Furthermore, BLYP with
LC correction gave 2.597 eV, indicating that these contribu-
tions do not improve the quantitative agreement with experi-
mental value. The present computational results are close to
the PCM computations [20]. While the excitation energies in
acetonitrile and in methanol slightly lower than those (2.75
and 2.77 eV, respectively), that in aqueous solution is almost
the same although the hydrogen-bonding effect is taken into
account in the present study. They reported that the excita-
tion energy was overestimated with explicit water molecule.
It should be noted that, as differentiated from the dielectric
continuum model, the present RISM-SCF-SEDD method di-
rectly treats specific solvation at the molecular level. At all
events we would like to emphasize that the trend of the sol-
vation effect is adequately described with the present theory.
It is noted that the reported value in Ref [19] is the absorp-
tion maximum of spectrum that is generally broad in solution
phase. The computed value listed above corresponds to ther-
mally averaged excitation energy, which is not necessary to
be coincided with the absorption maximum because several
sources are conceivable to broaden (and/or shift) the spectra
in solution phase.

TDDFT computations clearly indicate that the absorption is
attributed to HDOMO (the highest doubly occupied molecu-

TABLE III: Excitation energy, orbital energies and their gap (eV)

Excitation energy / eV~ AgP £f3 £f4

Calc Expt?
Vacuum 2.647 — 2.767 -4.898 -2.131
CH,Cl, 2.694 2.688 2.781 -5.366 -2.585

CH3CN 2.706 2.688 2.792 -4.838 -2.046
CH30H 2.744 2.778 2.825 -5.437 -2.612
H,O 2.773 2.921 2.846 -6.109 -3.263

aRef. [19]. P Ae = £f4 - 853, where sf3 and 8f4 are HDOMO and
SOMO in S electron orbital, respectively.

TABLE IV: Dipole moment (), Mulliken charge on oxygen and ni-
trogen (g) and atomic spin density (SD)

u/D gn/lel go/lel SDn/au SDp/au

Vacuum 2.83 -0.017 -0.384 0.1057 0.0485
CH)Cl, 3.27 -0.016 -0.399 0.1071 0.0479
CH3CN 3.67 -0.014 -0.408 0.1082 0.0475
CH30H 4.10 -0.012 -0.438 0.1115 0.0461
H,O 4.65 -0.013 -0.463 0.1139 0.0448

TABLE V: Solvation free energy components of oxygen and nitrogen
(keal mol™1)

group CH2C12 CH3CN CH3OH H20

N 0.10 0.94
(6] 19.90 2.69

095 3.23
-3.51 -9.08

lar orbital) =SOMO in f electron, both of them localized in
N-O- group. The former, HDOMO, is n orbital mainly lo-
cated at the oxygen atom while the latter is &* orbital on the
oxygen-nitrogen atoms. The orbital gap between them shows
good correlation with the TDDFT results as shown in Table
III. Hence, there are two types of overlap between the or-
bitals of nitrogen and oxygen that make the bond order of the
N-O atom pair almost 2, namely o-bond and 7-bond. But
7* orbital is occupied by « electron and the presence of this
unpaired electron on the anti-bonding 7* orbital partly coun-
teracts the bonding 7 orbital, slightly decreasing the 7 bond
character. Bond order analysis of the N-O atom pair shows it
has a bond order of 1.393 (vacuo), larger than a single bond
but not quite a double bond. The character of the bond is
affected by solvation, and the order is decreased as increas-
ing the polarity of solvent, namely 1.390 (CH,Cl,), 1.389
(CH3CN), 1.383 (CH30H) and 1.375 (H,0O). The energy shift
of each orbital caused by solvation effect may not look simple
at first glance but should be systematically understood [38].

Table IV summarizes the solvent effects on the computed
dipole moment, Mulliken charge and atomic spin density of
TEMPO. The oxygen is the most affected by the presence
of water solvent and its Mulliken charge becomes slightly
more negative on going from the gas phase into solution. The
charges on N and the two a-C’s (C3 and C8) are relatively
unaffected by the presence of solvent but the charges on all
the other C atoms are made slightly negative (not shown).
The dipole moment is clearly enhanced on going from the gas
phase to the aqueous solution. The largest contribution of the
spin density is found at nitrogen atom whose charge is nearly
ZEero.
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FIG. 2: Pair correlation function between the oxygen in TEMPO
and the solvent water molecules. The continuous lines represent the
interaction of the solute with the solvent oxygen while the broken
lines is that of the solute with the solvent hydrogen.
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FIG. 3: Pair correlation function between the nitrogen in TEMPO
and the solvent water molecules. The continuous line represents the
solvent oxygen while the broken line the solvent hydrogen.

C. Solvation properties

In RISM-SCF combined with HNC closure, solvation free
energy A is analytically given by Eq. (2). Since the expres-
sion is “formally” a sum of the solute-solvent site-site inter-
actions, the contribution of a specific atom « to the solvation
free energy is defined. As shown in Table V, the greatest sin-
gle contribution to the negative free energy comes from the
oxygen of TEMPO in methanol and aqueous solution. This
observation however is not applicable to the dichloromethane
and acetonitrile solutions. On the other hand, the contribution
from nitrogen is generally small for all solvents considered in
this study.

To explore the solvation effects of water in more detail, the
site-site pair correlation functions (PCF) for all the combina-
tions of atom pairs between TEMPO and the solvent water
molecules are examined. Shown in Figure 2 is the PCF be-
tween the oxygen of the solute and the atoms of the solvent.
The sharp peak around 1.9 A is an evidence of the strong hy-
drogen bond between the oxygen of the solute and the hydro-
gen in the solvent. The higher peak around 3.0A is the O-Ow
(solvent water oxygen) interaction between the solute and the
solvent. It is interesting to note the broad peak around 6.2A
on the plot for the O-Hw (solvent water hydrogen) interaction.
This could indicate the start of a new solvation shell. The PCF
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FIG. 4: Pair correlation function between the carbons in TEMPO
and the solvent water molecules. The continuous line represents the
solvent oxygen while the broken line the solvent hydrogen.

between the nitrogen of the solute and the atoms of the solvent
is shown in Figure 3. The N—Hw is not as pronounced as the
previous O-Hw peak. Clearly, the steric crowding by four
methyl groups around the nitrogen makes it difficult for the
nitrogen to interact with the solvent closely. This is consistent
with the components of the solvation free energy. Since the
solvation is a complex process, it is hard to directly relate the
solvation structure and the spectral shift. The strong hydration
on oxygen atom in aqueous solution may cause to stabilize n
orbital (HDOMO), which is mainly localized on the oxygen
and to widen the orbital gap between n and *. Consequently
the blue shift was observed.

The PCF between the carbons of the solute and the atoms
of the solvent is shown in Figure 4. The five different car-
bon types of TEMPO are visibly distinguished by their PCF.
Four of them have similar sharp peak locations, differing only
on the height of their peaks, but one has a peak that is vis-
ibly shifted away from the other carbons. This shifted peak
is the PCF between the solvent oxygen and the solute carbon
directly attached to the nitrogen. This is the carbon that has
2 methyl substituents. It is evident that steric considerations
also hinder its close interaction with the solvent. Similar ob-
servation can be inferred from the PCF between the solvent
hydrogen and the solute carbons, although the peaks are rela-
tively less pronounced.

IV. CONCLUSIONS

We have examined the solvent effect of TEMPO, a well-
known stable free radical compound in solution phase. The
computed excited energies in various solvent show good
agreement with experimental values. The spectra is es-
sentially attributed to the nz* transition corresponding to
HDOMO-LUMO transition in -spin orbitals. The solvent
effect on the spectrum is explained as the alteration of the cor-
responding orbital gap.
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