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Theoretical Analysis of Heteroaromatic Thioaminyl Radicals. Part 1: A Comparison of Ab
Initio and Density Functional Methods in Calculations of Molecular Geometry and Isotropic
Hyperfine Coupling Constants'

Piotr Kaszynski*

Organic Materials Research Group, Department of Chemistry, Vanderbiltedsity,
Nashville, Tennessee 37235

Receied: September 23, 2000; In Final Form: June 1, 2001

Molecular parameters of 23 heterocyclic radicals containing the thioaminyl fragment were systematically
investigated with ab initio and DFT methods. Several basis sets were used to establish correlations between
calculated and experimental geometries and isotropic hyperfine coupling constants. Distribution of spin and
charge densities in the radicals was analyzed using the UB3LYP/6-31G* method. The data were subsequently
analyzed with an emphasis on the quality of correlation rather than on the absolute accuracy of the calculated
values. This resulted in a set of empirical scaling factors relating the calculated and experimental hfcc for
cyclic thioaminyl radicals and provided a tool for routine design, structural elucidation, and characterization
of new radicals. The protocol is used in the critical analysis of hfcc for several previously reported radicals.
A companion paper (ref 1) follows in this issue [KaszynskiJPPhys. Chem. 2001 105 7626].

Introduction . 5 N
Over the past decade, heterocyclic radicals containing the )\ )\ s” s
thioaminyl fragment-N—S— have become attractive building N7 SN N“ s )=<
blocks for molecular conductds’ and magnetic materiafs3 S—s§ S—N. R R
Extensive studies of these neutratadicals resulted in several
dozen well-characterized structuled? (e.g.,1—11in Figure 1 2 3
1), which are typically high-melting solids but some derivatives
form paramagnetic liquid$:1° Structural versatility of the-N— N’S\N N s X S,
S— fragment and the generally observed relatively high chemical )l\ /lk S: \I N« [ I Ne
and thermal stability of the heterocycles provides opportunities RN R N=~g \X
for further investigation of new radicals and materials. In this .
context, we began study of these radicals as potential structural 4 5 6
elements for a new class of liquid crystafs23
One of the critical factors necessary for further progress in y ,:, N\ R X\ S,
the study and application of thioaminyl heterocycles is the ability | ‘s Y C[ Ne
to predict a priori their properties and to guide the experimental ~ Xx 4 cl S’N . x/ S
work. This, in turn, relies on the development of reliable
theoretical description of the known systems and devising 7 8 9
appropriate and convenient computational protocols for new
radicals. No N _g Ne N N
Calculations of molecular and electronic structures of cyclic g \:[ T N g i[ \j: 'S
thioaminyl radicals have been performed using semiempirical ‘N= N/ g ‘N= N/ s
method§14.20.2430 gnd more recently with the Hartre€&ock
(HF), MP2, and DFT method®®-37 There have been, however, 10 11
no systematic and comprehensive computational studies for these
radicals. The semiempirical methods yield a qualitative under- a R=H, b, R=F; ¢, R=Cl, d, R=CHj; e, R=CFj;
standing of the electronic structures, and only the inclusion of f, R=CN; g, R=Ph h, X=CH; i, X=N

correlation treatment such as CASSCF and MP(n) gives gigyre 1. Selected resonance structures for radidatd 1
reasonably good agreement with the experimental @&fa.
While the CI and MgllerPlesset methods are prohibitively
expensive for large molecular systems, density functional
methods (DFT) provide an attractive, low-cost alternative.

Density functional theo? methods, and Becke-tyffehybrid
functionals in particular, have been shown to perform excep-
tionally well in ground state open-shell systems that are either

T Presented, in part, at 215th ACS National Meeting, March &gril electrically neutrgP=43 or charged#>This has been attributed
2, 1998, Dallas, TX, Abstr: COMP 145; and at the Structural and tg the inclusion of some electron correlation by a combination
Mechanistic Organic Chemistry: A Tribute to Norman L. Allinger, Athens, . . .

GA. June 3-7. 1997. of exchange functionals with local and gradient-corrected

* Phoneffax: (615) 322-3458. Email: piotr@ctrvax.vanderbilt.edu. correlation functionals. It has been found that -HBFT
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TABLE 1: Fermi Contact ( Fy) Hyperfine Coupling Constants (Ax) Conversion FactorsCy for Selected Nuclei Ax [MHz] =
CxeFx)

X 1H 13C 14N 15N\ 19|: 338 35c| a 37c|

Cx 4469.616 1123.854 322.960 —452.999 4204.929 342.897 437.949 364.535

aWeightedC, for natural isotopic ratio (75.8% ¢fCl and 24.2% of’Cl) is 420.183.

methods, particularly B3LY# with the 6-31G(d) basis set, Computational results for radicals-11 including energies,
accurately reproduce the experimental hyperfine coupling hfcc, and spin densities are listed in Supporting Information.
constants (hfcc)347480ther molecular parameters such as spin

populations®® ionization potential energié8,and IR frequen- ~ Results and Discussion
cie? calculated with DFT methods are also in excellent In almost all heterocyc“c radicals studied to da‘[e, the
agreement with the experimental values. thioaminyl fragment is a part of a longer, three- or four-

Here, we describe our efforts to develop a practical compu- membered array of heteroatoms such-&—S—S—N— (1a,%
tational protocol for designing new thioaminyl radicals. We 1b,281¢,281d,5° 1628601¢P96) —N—S—N—S— (20?963, —N—
evaluate the performance of the UB3LYP and UHF methods, S—N— (4¢,2” 4627 49,24 5,63 10°%), —S—N—S— (3a,62653¢30
with an emphasis on the quality of their reproduction of 3f,6:67 563 6h,6869 gj66 gh 64 9j66 1084, and —N—S—S—
experimentally known molecular and electronic parameters of (7h,%2707i,71 11%), as shown in Figure 1. Radicals containing
radicals1—11. First, we establish the structures of conforma- the —S—N- fragment connected directly to the carbon frame-
tional minima of compounds containing the gHKF;, and Ph work are rare, and’? as well as two compounds recently
groups and compare the calculated geometries with thosereported by U8 are the only examples. There have been
obtained by gas-phase electron diffraction techniques. Secondyelatively few parent radicals synthesized and studied in detail.
the isotropic hfcc are calculated and compared with the Many of them carry substituents such as halogen, pheny, CH
experimental results. Third, we discuss the spin and chargeor CF; that stabilize the radicals and/or simplify their syntheses.
distribution in the thioaminyl radicals. In the accompanying For more accurate considerations of radical properties we first

paper, we focus on redox processes involving raditai$1.! establish their ground-state geometries and conformational
preferences.
Computational Methods Conformational Analysis. Generally, the barrier to the

internal rotation of CH and Ck groups in the heterocyclic

General. Quantum mechanical calculations were carried out gerivatives is low, about 1.5 kcal/mol at room temperature
using the Gaussian 94 packaben an SGI R8000 workstation.  (Figure 2). This is consistent with a gas-phase electron diffrac-
Geometry optimizations were undertaken using appropriate tion study forle which concluded that the GRjroup freely
symmetry constraints and default convergence limits. The (gtates at 300 K8
computations employed the 6-31G(d) basis set, occasionally  The UHF/6-31G(d) calculations disagree with the DFT results
augmented with high angular momentum functi®hsand predicting conformational minima for the eclipsed forhus-A
Dunning’s cc-pVDZ basis sét. The basis sets were used as andie-A. The solid-state structures béand its catiorie* 23
supplied by the Gaussian program. DFT computations usedingicate that the staggered conformation is a shallow minimum
unrestricted Becke*8three-parameter hybrid functional together g the potential energy surface, which is consistent with the
with the nonlocal correlation functional of Lee, Yang, and ®arr  esults of UB3LYP calculations.
(UB3LYP). Vibrational frequencies, calculated using the UHF/ A conformational minimum in radicad, an isomer ofld,
6-31G(d) and UB3LYP/6-31G(d) levels of theory, were used \yas found for2d—A in which the CH hydrogen eclipses the
to characterize the nature of the stationary points and to obtainni»[rogen atom. The conform@d—B in which one of the Chl
thermodynamic parameters. Zero-point energy (ZPE) correctionshydrogen atoms eclipses the sulfur atom represents a transition
obtained using the UHF and the UB3LYP methods and the state for the internal rotation of the methyl group. A minimum
6-31G(d) basis set were scaled by 0.9135 and 0.9804, respecyth a pseudo staggered conformation was not found.
tively.>> Compound3e constrained a€,, symmetry with the fluorine

Isotropic Hyperfine Coupling Constants (hfcc). The Fermi atoms eclipsing the sulfur atoms appears to represent a transition
contact value$x calculated for an atom X were converted into  state in both the UB3LYP and UHF methods. Relaxing@ag
hfcc expressed in MHz using eq 1, in whigh is the atomic ~ symmetry of3e—A to C; in conformer3e—B alleviates some

magnetic moment andyx the nuclear spin numbé&f. The of the steric repulsion by twisting the @Broups by about 17
constants in eq 1 are substituted with a new consfanih eq  with respect to the ring plane. This is consistent with a recent
2 characteristic for a nucleus X and values for selected nuclei report, which concluded that the motion of the twos@Foups
are listed in Table 7 is correlated3
The conformational potential energy surfacelefs complex
Ay [MHz] = 800.2377774,/1,)Fy Q) due to the presence of two independent @®ups, which may
adopt either eclipsed or staggered orientations with respect to
A, [MHZ] = C,Fy @) the ring. In contrast to the results fbe, the UHF and UB3LYP

calculations agree that the eclipsed conforAerA represents
the global minimum. The two other eclipsed conformées; B
Ay [MHz] = 28.0247¢/g)a, 3 and4e—C, are the first and the second-order transition states,
respectively. The barrier to the internal rotation of the; Gfoup
Experimental hfcc values expressed in mT were converted to has been calculated to be about 1.5 kcal/mol, which is similar
MHz units using eq 3 wherg and ax are the experimental to the value obtained fole (Figure 2). The two staggered
values. Some of the experimental ESR results are discussed irconformations with the GFgroups anti C, symmetry) and syn
recent reviewd>58 (Cs symmetry) are the hilltops on the potential energy surface.
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Figure 2. Ball and stick representations of conformational minima and maxima, and the free energy difference between tiBedod#és
calculated using UB3LYP/6-31G(d) and UHF/6-31G(d) (in parentheses) methods.

Phenyl rings inlg and4g prefer orientations coplanar with  both methods overestimate most distances; nevertheless, the
the heterocyclic rings, according to UB3LYP/631G(d) calcula- UHF performs better than the UB3LYP method for comparable
tions. This is consistent with the UHF/6-31G(d) results gr basis sets. The mean deviation of distances decreases from 1.0
only, since no stable wavefunction could be obtained4fpat pm for 3-21G(d) to 0.2 pm for 6-31G(2df) basis sets in the UHF
this level of theory. The gas-phase calculations find some method. A similar trend is observed for the B3LYP method,
support in the solid-state molecular structuredg#* 1g,’* their and the more complete basis sets give lower mean differences
cations?*7>76and some other derivativéswhich all demon- (1.7 pm for the 6-31G(2df) basis set). The calculations at the
strate the coplanarity of the rings. The barrier to the internal UB3LYP/cc-pVDZ level of theory give a relatively large error,
rotation of the phenyl ring iig was calculated to be 6.4 kcal/ as compared to calculations with other basis sets.
mol at the UB3LYP/6-31G(d) level of theory, which is about The mean difference in the calculated and experimental
half of that obtained with the UHF/6-31G(d) method. interatomic angles shows low basis set sensitivity. As observed

Due to the large size of the calculations, the conformational for the interatomic distances, the UHF method is superior to
preference of the phenyl group 8g was not investigated and  the UB3LYP method and gives negligibly small mean errors
the aromatic ring was constrained to coplanarity with the and standard deviations (about),lhalf the value of those

heterocyclic ring. obtained with the UB3LYP method. Incidentally, the UB3LYP
Conformers representing the global minima were used in the results are virtually identical to those recently reported3er
subsequent calculations. obtained with UB1LYP methoé®
Molecular Geometry. Heterocycled € and3€'8 are the only Based on this limited number of data points, the UHF method

two radicals whose geometry was studied by the electron appears to be more accurate for geometry calculations than the
diffraction technique in the gas phase where the radicals do notmore expensive UB3LYP method. The UHF/6-31G(d) method
form dimers. Molecular geometry optimization for these radicals gives results close to the experiment, and they are within three
was performed for their conformational minima using the UHF times the experimental uncertainty (0.6 pm and)0.Fowever,
(1e—A and3e—B) and the UB3LYP {e—B and3e—B) methods the accurate prediction of the distances involving the sulfur
with several basis sets. The results are compared with theatoms remains problematic in both methods and requires high
experimental data and both are shown in Tables 2 and 3. angular momentum functions. For instance, the mean error for
Both the HartreeFock and Becke-type hybrid functional the S-S, S-N, and S-C distances is reduced from 1.2 pm
methods reproduce the experimental molecular dimensions(UHF/6-31G(d)) to 0.1 pm (UHF/6-31G(2df)).
closely, and their accuracy is basis set dependent. Statistical A comparison of molecular dimensions shows that there is
analysis of the differences between the calculated and experi-no significant difference between the two conformkesA and
mental values forle and 3e shown in Table 4 indicates that 1e—B, according to calculations with the 6-31G(d) basis set.
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TABLE 2: Experimental and Calculated Geometries of 1le

S—N F
|®>—(IIIF 1e
S—N F

Kaszynski

distances [ppm] angles [deg]
method S-S N-S N-C c-C C—F N—C—N S—S—N S—N-C F—C—F

UHF/3-21G(d)° 2129 165.1 133.F 149.0 134.3 122.3 936 115.3 108.0
UHF/6-31G(dy 209.5 164.7 132.3 151.5 131.5 124.1 9422 113.8 108.2
UHF/6-31G(2df} 209.1 162.9 131.¢ 152.0 130.6 123.8 9421 113.¢ 108.3
UB3LYP/3-21G(d) 226.6 163.8 133.7 150.1 136.7 122.9 91.5 114.2 108.3
UB3LYP/6-31G(d) 217.9 165.0 133.0 152.5 134.2 125.1 93.1 114.3 108.4
UB3LYP/6-31G(2df) 215.4 163.7 132.6 152.8 133.3 124.7 93.4 114.8 108.4
UB3LYP/cc-pVDZ 218.2 166.0 133.1 152.7 134.3 125.6 93.2 114.0 108.1
experimenta 211.3(6) 162.3(3) 131.8(6) 151.7(12)  133.3(4) 124.4(11)  93.9(5) 113.9(6) 107.4(5)

2 Average values? Geometry was constrained at tBesymmetry with the N-C—C—F dihedral angle set to°(eclipsed conformation) and the
resulting values were weight averagé@as-phase electron diffraction studies:fé§JdH.-U.; Bats, J. W.; Gleiter, R.; Hartmann, G.; Mews, R.;
Eckert-Maksi¢ M.; Oberhammer, H.; Sheldrick, G. MChem. Ber1985 118 3781.

TABLE 3: Experimental and Calculated Geometries of 3é

3e
distances [pm] angles [deg]
method SN S-C c-C C-Ckr C-FP S-N-S C-S-N C-C-S FC-F* C-C-CKR F-C-C-C

UHF/3-21G(d) 167.1 175.7 131.4 149.0 134.6 116.2 96.3 115.7 107.7 126.4 160.5
UHF/6-31G(d) 166.2 176.3 132.1 151.0 131.7 115.1 97.6 114.9 107.9 127.3 160.0
UHF/6-31G(2df) 164.0 175.4 132.0 151.3 130.8 115.2 98.0 114.4 107.9 127.4 160.3
UB3LYP/3-21G(d) 170.4 175.7 133.9 149.1 137.2 113.1 98.1 115.4 108.0 126.3 161.9
UB3LYP/6-31G(d) 168.6 176.3 134.8 150.9 134.6 113.3 98.8 118.4 107.9 127.0 163.4
UB3LYP/6-31G(2df) 166.4 175.3 134.6 151.1 133.7 113.6 99.0 114.2 107.9 127.2 163.5
UB3LYP/cc-pVDZ 169.5 176.8 135.2 1511 134.6 112.8 99.0 114.6 107.7 127.3 162.8
experimental 163.4(4) 174.9(5) 132.4(14) 148.1(6) 133.0(3) 117.3(9) 96.5(12) 114.8(6) 107.4(3) 127.3(5) d

aGeometry was constrained at tBgsymmetry.? Average value® Gas-phase electron diffraction studies. Awere, E. G.; Burford, N.; Mailer, C.;
Passmore, J.; Schriver, M. J.; White, P. S.; Banister, A. J.; Oberhammer, H.; Sutcliffe,d..CGthem. Soc., Chem. Commu887, 66.¢ Not

reported.

TABLE 4: Statistical Analysis of the Differences between
the Theoretical and Experimental Molecular Geometries of

le and 3é

distances [pmp=10  angles [degh=9

method mean STD mean STD

UHF/3-21G(d) 1.0 1.8 -0.2 1.1
UHF/6-31G(d) 0.5 1.8 0.0 0.9
UHF/6—31(2df) 0.2 1.8 0.0 1.0
UB3LYP/3-21G(d) 35 4.7 -0.6 1.8
UB3LYP/6-31G(d) 2.6 1.9 0.3 21
UB3LYP/6—31(2df) 1.7 1.3 0.0 1.7
UB3LYP/cc-pVDZ 2.9 2.1 -0.1 1.9
experimental 0.6 0.7

a2 The number of datapoints is indicated by

The largest differences of 0.1 pm are observed for theSN
(UHF) and S-S (UB3LYP) bond lengths, and O.%or the

N—C—N angle (UHF).

Isotropic Hyperfine Coupling Constants. Fermi constants
were calculated fot—11 using the UHF and UB3LYP methods
and converted to hfcc using eq 2. For the purpose of comparisonfectiveness of the DFT methods is due, in part, to the
with the experimental data, the hfcc for the conformationally incorporation of some correlation effects and, in part, to
mobile CH; (1d and2d) and CF (1e 3e and4e) derivatives
were calculated as average values for two conformers!fhe

and 1%F hfcc for the C% groups were calculated as average
values for each conformer. The experimental hfcc were used
for comparison with the calculated values according to the
original structural assignment with the exceptiorfofind11,

in which the assignment was switched to keep consistency with
the computational trends. Hfcc reported as average values for
two or more nuclei were used to compare individually to each
calculated value. Thus the averayein 4g andAy in 6h were
compared to two calculated values each. The experimental and
theoretical'>N hfcc in 3e and 6i were scaled byCi4n/Cisn =
0.7129 (see Table 1) and compared as respeétilehfcc
values. Thé'H hfcc assignment reportédfor 7i is ambiguous

and was not used in the present comparison.

The results of statistical analysis of the data sets are shown
in Table 5. Selected correlations between absolute theoretical
and experimenta'N, 335, 'H, and'°F hfcc are shown in Figure
3, and the best fit linear functions are listed in Table 6.

The analysis shows that the UHF method generally performs
poorly, while all DFT calculations give hfcc close to the
experimental values. This generally observed remarkable ef-

minimum spin contamination. The initial small spin contamina-
tion in the UB3LYP wavefunctions is effectively annihilated,
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Figure 3. Selected plots of theoretical vs experimental isotropic hfcd4dr(a), 23S (b),*H (c), and*®F (d) nuclei in radicalsl—11 calculated
using UB3LYP/6-31G(d) (full circles), UB3LYP/6-31G(2df)//UB3LYP/6-31G(d) (open circles), UB3LYP/cc-pVDZ//UB3LYP/6-31G(d) (full
triangles), and UB3LYP/cc-pVDZ//UHF/6-31G(d) (open triangles) methods. The shogexl correlation factors? are listed in Table 6.

TABLE 5: Mean and Standard Deviation of the Difference between the Experimental and Calculated hfcc [MHZ

14N 33S 1H 19F

method n mean STD n mean STD n mean STD n mean STD
UHF/6-31G(d) 33 —39.8 16.0 13 —-1.73 3.11 12 252 33.0 4 =771 133.6
UB3LYP/6-31G(d) 36 —1.43 1.43 13 5.54 2.65 12 —0.99 1.50 4 —0.33 1.23
UB3LYP/6-31G(2df)// 35 2.38 2.64 13 3.71 1.80 12 -0.54 1.07 4 —1.80 1.67
UB3LYP/6-31G(d)
UB3LYP/6-31G(2df) 18 2.91 2.88 9 3.15 1.92 6 —0.16 0.93 3 —1.60 1.89
UB3LYP/cc-pvDz// 36 -5.20 2.83 13 2.63 1.30 12 -0.38 0.96 4 —2.05 3.27
UB3LYP/6-31G(d)
UB3LYP/cc-pvDZ// 33 —-5.32 3.35 13 2.52 0.88 12 -0.36 1.16 4 -0.24 1.34

UHF/6-31G(d)

a2 The number of datapoints is indicated by

and the resulting Soperator values are indistinguishable from after annihilation it remains high, artificially increasing spin
that for the pure doublet gS= 0.75). In contrast, the initial ~ densities especially fakg, 7, 8, and11 (1.0 < S < 4.7). This
spin contamination in the UHF method is substantial, and even has an impact on the calculated hfcc values, since they are
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TABLE 6: Best Fit Lines and Correlation Factors R? for the Theoretical and Experimental hfcc [MHz]? (Aexp = MeAcai)

14N 338 1H 19':
m m m m
method n (% error) R? n (% error) R? n (% error) R? n (% error) R?
UHF/6-31G(d) 33 0.30 0.608 13 0.861  0.233 12 0.09 0.12 4 0.09 0.980
(6.7) (6.0) (21) (6.4)
UB3LYP/6-31G(d) 36 0.937 0.978 13 1.73 0.350 12 0.744 0.923 4 0.953 0.994
(1.4) (5.5) (5.1) (3.5)
UB3LYP/6-31G(2df)// 35 1.202 0.980 13 1.388 0.696 12 0.834 0.932 4 0.865 0.998
UB3LYP/6-31G(d) (1.4) (3.7) (4.8) (2.1)
UB3LYP/6-31G(2df) 18 1.232 0.983 9 1.324 0.763 6 0.866 0.800 3 0.882 0.999
(1.7) (4.3) (9.5) (0.7)
UB3LYP/cc-pvDz// 36 0.767 0.983 13 1.252 0.867 12 0.865 0.938 4 0.806 0.998
UB3LYP/6-31G(d) (1.2) (2.5) (4.6) (2.3
UB3LYP/cc-pvDz// 33 0.760 0.986 13 1.231 0.920 12 0.844 0.915 4 0.992 0.993
UHF/6-31G(d) (1.2) (1.9) (5.5) (3.9

aThe number of datapoints is indicated by

directly proportional to the spin densities on the s orbital which, optimization using the 6-31G(2df) basis set indicate that even

in turn, depends on the total spin density on the entire dlom. smaller mean errors can be obtained, but this correlation is based
Statistical analyses shown in Table 5 indicate thatlthe on only six data points. Inclusion of one p function per hydrogen

IH, °F hfcc calculated with DFT are generally larger, while atom gives an insignificant improvement @4%) in the STD.

the 3°S hfcc are smaller than the experimental values. The All of these analyses exclude ti#g for 1a, whose reported

difference between the experimental and calculated values ishfcc value (1.55 MHZF is much smaller than the calculated

significantly basis set dependent, which results from differences value, ranging from 4.62 MHz (UB3LYP/cc-pVDZ//UHF/6-

in balancing orbital spin polarization effects in different basis 31G(d)) to 6.24 MHz (UB3LYP/6-31G(d)). The origin of this

sets?® For inStance, results obtained fba show that the*N unusual discrepancy is not clear.

isotropic hfcc ranges fromy = 16.15 MHz (the 6-31G(d) basis The mean error for th€F hfcc is smallest for the UB3LYP/

set) oAy = 11.22 MHz (the 6-311G(d) basis set) Bk = ¢ 3154) (-0.33 MHz) and UB3LYP/cc-pVDZ//UHF/6-31G(d)

10.88 MHz (single point calculations at the UB3LYP/6- . : N
i .~ (—0.24 MHz) calculations. However, a meaningful statistical
SL1H+G(3df,2p)//UB3LYP/6-31G(d) level). A more dramatic analysis of the calculatédF hfcc is hindered by the small size

difference in thé“N hfcc of 1ais observed for the calculations . . :
with Dunning’s basis setsAy = 19.67 MHz for the cc-VDZ of the daFa set, which conta.uns only four pairs of numbers.
and Ay = 7.95 MHz for the cc-VTZ basis set. This trend is  There is only one experimental value for tR&'CI hfcc
observed for all considered radicals, as shown in Table 5, andreported for4c??, and it is consistent with the DFT results. The
is reflected in the scaling factors listed in Table 6. Hfcc for ~ weight-averaged hfcc for the chlorine natural isotope composi-
1N andH generally decrease, whiféS hfcc values increase  tion is relatively insensitive to the basis set, and the calculated
with the addition of df functions to the 6-31G(d) basis set.  values fall in the range of2.0 to—2.5 MHz, which compares
Generally, the UB3LYP/6-31G(d) method appears to give to the reported 1.74 MHz fofc. A similar value of about-2.3
satisfactory results fof“N, H, and 1F hfcc, but better ~ MHz is calculated forlc.
correlation factordR? are obtained with Dunning’s basis sets. The linear regression analysis for these data sets, shown for
The incidental agreement between observed and UB3LYP/6- selected cases in Figure 3, gives the best fit linear functions
31G(d) derived hfcc values, reflected in slopeslose to unity,  collected in Table 6. The intercept was set to 0 to avoid a
is consistent with previous findings for simple organic racf€atd residual hfcc. The slopes and the correlation factor@? are
and the results of UBILYP/6-31G(d) calculations for four consistent with the results for the alternative error analysis
heterocyclic radical3! shown in Table 5. All DFT calculations give excellent correla-
Calculations of*“N hfcc with geometry optimization at the  tion with the experimentaN hfcc values withR2 = 0.98 and
B3LYP/cc-pVDZ level of theory do not improve the statistics  the errors on the calculated slopes in the range of 1.2% (single
or the linear correlation, based on a comparison of the resultspoim at UB3LYP/cc-pVDZ) to 1.7% (UB3LYP/6-31G(2df)).

for eight data points with analogous sets obtained with either The gjopes vary between 0.760 and 1.232 and the value closest
UB3LYP/6-31G(d) calculations or single-point calculations at unity is obtained with UB3LYP/6-31G(d) method
the UB3LYP/cc-pVDZ//UB3LYP/6-31G(d) level. Similarly, )

little benefit is offered by geometry optimization and hfcc S'm""?“ results are obtained for théd hfcc with the
calculations at the UB3LYP/6-31G(2df) level of theory. g?r:;ﬁ?tog;ais‘l’tﬁzf sgﬁé‘éaotfe?’ :;Cdeg:;r?r][grr fh”etBeBgfggj
The accuracy of the calculatédS hfcc is generally much 0 . .
poorer than th;/t observed for the first row%lemené, and the ,6_31(2df) results, for which thaz,'s 0.80 and the s3|g)pe error
6-31G(d) basis set is completely inadequate. The addition of is 9.5%. In contrast, the cor_relanon facﬁ% for the S h_fCC
high angular momentum functions partially improves the strongly dep_ends on the basis sets used in the calculations. The
calculated®s hfcc, but the closest and satisfactory agreement Pest correlationRe = 0.920) and the smallest error on the slope
with the experiment is obtained when the cc-pVDZ basis set is (1-9%) is obtained for single-point calculations using the cc-
used. pVDZ basis set at the UHF/6-31G(d) geometry. The single-
A relatively small mean error<0.54 MHz) for the'H hfcc point calculations at the UB3LYP/6-31G(d) geometry also give
is observed for single point calculations with the 6-31G(2df) acceptable results with a slightly larger error on the slope (2.5%).
or cc-pVDZ basis sets at the geometry obtained with the The fit to a linear functiomexp = MeAcac + b shows that the
6-31G(d) basis set. Results of calculations done with geometry interceptb generally is within 2-3 ¢ for the 1N data set, +2
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o for the!H data set, and: 1 o for the33S data set. This further 3.1 .75

justifies the use of the truncated linear fit for all of the data H (é'@ (2.25) (212927)

sets. 3.1 .
Analysis of the distribution of the error in a function of the H N\ S, (na) “ N\'

calculated hfcc suggests that a second-order polynomial may I ,N ¢ 6.7 N | ,S

provide a better fit to the data sets. Indeed, fitting fag, = 1.2 Y N~ TS 309 (5.3 g S

meAcadAcaic + b) function to thel®N data gives a significant (0.7) H (30.6) ’

increase inR2 (> 0.99) and reduction of? to about 50% as -0.6 1.7

compared to the linear fiex, = MeAcaic This is not the case (1.8) 9i (na)

for both the!H and?33S data for which the quadratic functions

have significant intercept values of about 1.5 anf MHz, -12.0 -85

respectively, and the improvement of the correlation parameters (8.0) (8.0) H 23.8

is only modest. 4.9 H 2272-,49 33 (22.9)
The hfcc values are sensitive to experimental conditions and (57 H IEI N ) 2.7) H N *

a direct comparison between different measurements requires 1 S

a significant margin of tolerance. Hyperfine coupling values H S 98 s

show a weak solvent and temperature dependence, and the range -13.3 (1'0'2)

of values exceeds the instrumental error10.03 MHz). A (10.9) a1 H 3.3H

typical nitrogen hfcc shows a positive temperature dependence (2.9 12 (2.4) 7h

with an average of 3 1074 mT/K (8 x 1072 MHz/K), while

hydrogen hfcc exhibits smaller negative dependence and the 166.6

values typically are about1 x 1074 mT/K (—3 x 103 MHz/ 171.6 F . (na) g 32‘770

K).293059These trends are reversed for only one compo@dy ( (854.7) " _(na) 23.9 n=c (247.0)

in the considered seri€&Since some of the reported hfcc were 334 ° \ (1,';_7)N=S\

obtained at temperatures as low-a80 °C, the hfcc may be (66.5) 100.7 F

different from those at ambient temperature by up to 1 MHz. (267.9)

An additional issue foP®S hfcc is the low natural abundance 13 14

of the isotope (0.7%) and hence possible lower precision of the
measurement for samples that are not isotopically enriched.
The overall reliability and consistency of the experimental
data can be estimated at abau®.5 MHz (0.02 mT). This
value is comparable with an uncertainty of about 1 MHz

Figure 4. Calculated and reported (in parentheses) hfcc in MHz for
selected radicals. ThéH and “N hfcc were obtained using the
UB3LYP/cc-pVDZ//UB3LYP/6-31G(d) method; théF hfcc with the
UB3LYP/6-31G(d) method, anéfS hfcc values with the UB3LYP/
cc-pVDZ//UHF/6-31G(d) method. Each calculated value was scaled

observed for the correlation between the experimental and best!Si"d an appropriate factor listed in Table 6.

calculated hfcc values for all four nuclei.

The calculations reveal that hfcc values are geometry de-
pendent and differ for each conformer. The difference is minimal
for conformers ofld, 1e and3e moderate €7%) for 4e and
phenyl substituted compoundg and 4g, and significant (up
to 1 MHz or 40%) for2d, especially for the S and N atoms
directly affected by the changes in the orientation of the methyl

density on the N atom. The experimental values correspond well
to those calculated forh supporting structural reassignment
based on substituent effect studiés.

The DFT results are in disagreement with the experimental
data® for the —N—S—F radical 13, while the hfcc for its
isomer, radicall4, are reasonably well reproduced by the
calculations. The reportetN and '°F hfcc for 13 are about

gr(l)up. As t_he tdemprte]ratureh|ncr¢a_ses, thfe L“O'ecu'af ?eometrytwice larger than the calculated values, which puts in question
Is less restricted to that at the minimum of the potential energy e molecular structure assigned to the observed radical species.

surface, and the hfcc becomes a weighted average of thep_qica114 is pyramidalized, withCs

contributions from the ground and thermally populated rotomers
in addition to the skeletal thermal vibration effééThis model

symmetry and arfA’
electronic state, and is about 13 kcal/mol more thermodynami-
cally stable that the nonplands, based on the UB3LYP/6-

is consistent with the experimentally observed trends in the hfcc 31G(d) calculations

temperature dependence including thatdr(vide supra).  Appjication of the scaling factors developed for the calculated
The generally excellent performance of the DFT methods in 14N andH hfcc was recently demonstrated in the analysis of
reproducing experimental hfcc allows for critical examination complex ESR spectra of two new thioaminyl radic§he
of some cases where either the hfcc or structural assignmentsscaled UB3LYP results provided the initial guess for numerical
are ambiguous. For instance, the DFT calculations consistently simulation. The mean difference between 18 calculated (and
indicate that thé'H hfcc in 9i might be misassigne®, as is scaled) and experimental data points<§.01 mT, and the
shown in Figure 4. Simply switching the positions of the gagtimated standard deviation is 0.02 &3T.
hydrogen.atoms gives a much better correspondence between Spin Density. The distribution of the total spin density in
the experimental and calculated values. radicals1—11 (Figure 1) was calculated with the UB3LYP/6-
Experimental data fo¥i allowed for identification of only 31G* method and results are shown graphically in Figure 5.
one'H hfcc, and its assignment is ambigudéidJsing higher  Calculation with different basis sets gave similar results,
resolution techniques and better simulation packages, theindicating only modest sensitivity to the basis set.
complete assignment should be possible based on the predicted Generally, the largest calculated spin density is on the nitrogen
values shown in Figure 4. atom of the thioaminyl fragment, with the exception4xf in
The calculated hfcc fot2,78 the structure initially assigned  which a significant spin density resides on the sulfur atom and
for 7h, are substantially larger than the experimental values. the remaining is almost evenly distributed over the three nitrogen
The large calculated values are due, in part, to poeBNverlap atoms. In systemg, 3, 5, 6, 9, and 10, the spin density is
(dns = 1.780 A; cfdys = 1.658 A in7h) and hence large spin  localized on the-S—N—S— fragment with minor spin distribu-
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Figure 5. Calculated (UB3LYP/6-31G(d)) total spin density maps for selected radie&ld. Circles represent relative total positive (full circles)
and negative (open circles) spin densities.
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Figure 6. Resonance forms of the vinylthioaminyl fragment. ' S, S -8t
7h

tion onto thex framework, presumably through a spin polariza- F19ure 7. Resonance forms da (a) and7h (b).

tion mechanism. In contrast, the remaining systdn4, 7, 8, .
and11 show significant delocalization of the spin density from heterocycles, 6h, 9h, and10, and als® (Figure 5). In contrast,

the nitrogen atom. The substitution siteslirand 4 coincide a significant spin delocalization is found ifa, a benzo-

with the nodal planes (negative spin densities), and @repd annulated 1,2,3-dithiazolyl derivative containing thél—S—

8 offer the possibility for further spin delocalization onto the S~ @rray. In addition to polar resonance forngsi( Figure 6),

substituents. there are also nonpolar allylic-type resonance for@gm(Figure
The calculated distribution of spin density ib-11 is 6) allowing for spin delocalization onto the adjacent benzene

consistent with analysis of the vinylthioaminyl fragment shown N9 (I.:ig.ure 7_b)- _ o _
in Figure 6. The three resonance structures indicate that the spin A similar high degree of spin delocalization is observed in

density is delocalized from the nitrogen ata#) primarily onto 11, which also contains the N—S—S— array of heteroatoms.
the sulfur atom, giving rise to the polar resonance strudyre  In this case, however, the spin is delocalized primarily along
and thes position (allylic) of the vinyl group@). Thea. position the linear 1,3,5-triazapentadienyl fragment terminated with sulfur

of the vinyl group has a node. Thus the N-terminated arrays of atoms. Thiatriazinyl 48) can also be viewed as 1,3,5-triaza-
heteroatoms (e.g.-N—S—S—) allow for significant spin pentadienyl terminated with a common sulfur atom (Figure 1),

delocalization in the heterocyclic system, while in the-S— which is consistent with the calculated spin density (Figure 5).

N—S— array, terminated with sulfur atoms, the spin is largely Likewise, dithiadiazolyl {a) can be considered to be a 1,3-

localized on the three-atom fragment. diazaallyl system terminated with sulfur atoms. In a conse-
For instance, in 1,3,2-dithiazolyB§) virtually all positive quence, the positive spin density is delocalized over the nitrogen

spin density is localized on theS—N—S— array due to two atoms (allylic resonance forn€) and sulfur atoms (polar
polar resonance structures shown in Figure 7a. A very similar resonance form B in Figure 6), while the carbon atom is in the
spin distribution is observed in ring-fused derivatives3af nodal position and has a negative spin density8tn one
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Figure 8. Mulliken total atomic charge density maps %) and dipole moments derived from UB3LYP/6-31G(d) level calculations for selected
radicals. Hydrogen atomic charges are included in the charges of adjacent carbon atoms. Circles represent relative total positive (full circles) an
negative (open circles) charge densities.

terminus of the diazaallyl system is connected to the adjacentbelonging to five general classes (except Agr of 1a) and
benzene ring, allowing for further spin delocalization (Figure consistent spin densities were found with B3LYP calculations.
5). Conformational analysis of the heterocyclic derivatives shows

The calculated spin distributions are consistent with the that the barriers to internal rotation of the €&hd Ck groups
observed hyperfine coupling constants. Unfortunately, no are generally small, about 1.5 kcal/mol, while that of the Ph
experimental data for cyclic thioaminyl radicals is available, group is about 4 times higher. Both methods, the UHF and
and the accuracy of the calculated spin densities cannot beUB3LYP, generally agree on the conformational ground state
verified by direct comparison. The good agreement between for the radicals, with the exception fdd andle In radicals
theory and experimental data for TCNE radical anion reported 19, 2d, 4, and4gthe CX; and Ph groups generally prefer the
in the literaturé® indicates, however, that DFT methods are eclipsed conformational minima, while Bethe Ckis pseudo

reliable in the analysis of spin density in radicals. staggered.

Charge Distribution and Dipole Moments. The distribution The most cost-effective method for computing molecular
of electron density calculated for radicals-11 is largely a geometries with acceptable accuracy appears to be the UHF/
consequence of the relative atomic electronegativities: (S 6-31G(d) (mean erro= 0.5 pm and STD= 1.8 pm), while
< Cl < N) and polar resonance structures analogouB to more accurate calculations of the parameters involving the sulfur

Figure 6. The electronegative nitrogen atoms display the highestatom require high angular momentum functions. Thus, for the
electron density, while the less electronegative sulfur atoms bear6-31G(2df) basis set, the mean error decreases to 0.2 pm, while
the most positive charge as shown in Figure 8. The carbon atomsthe STD remains about 1.8 pm (three times the experimental
adjacent to the heteroatoms are polarized appropriately. Theyuncertainty).
are either significantly positively charged, when connected to  In the analysis of the hfcc data, the emphasis was placed on
a nitrogen atom, or bear a small negative charge in the presencéhe quality of correlation rather than on absolute accuracy of
of a sulfur atom. the calculated values, which show a significant basis set
The calculated dipole moments for the radicals are consistentSensitivity. Statistical analysis of the results shows that for each

with the electron density distributions and vary from 0.20 D hucleus there is a preferred basis set giving maximum consis-
for 10 to about 3.5 D for 1,3,2-dithiazolyl3a, 6h, and9h. tency of the calculated hfcc and a scaling factor relating the
theoretical and experimental values. The best result$*r

(scaling factor= 0.767),1H (scaling factor= 0.863), and-°F
hfcc (scaling factor= 0.806) are obtained using the UB3LYP/
In an effort to develop a theoretical tool for designing new cc-pVDZ method at the UB3LYP/6-31G(d) geometry. This
molecular materials, we investigated the dependence of themethod also provides acceptable values3¥& hfcc (scaling
method (HF and B3LYP) and basis set on molecular parametersfactor = 1.252), but best results are obtained using the UHF/
(geometry, isotropic hyperfine coupling constants, and spin 6-31G(d) geometry for the UB3LYP/cc-pVDZ single-point
density) for 23 known heterocyclic radicals containing the calculation (scaling factor 1.231). The UB3LYP/6-31G(d) is
thioaminyl fragment. The UHF method reproduces the molecular the least expensive method and provides acceptable values for
geometry of two radicalsle and 3e) significantly better than 14N (scaling factor= 0.937),'H (scaling factor= 0.744), and
DFT, but it is inadequate for electronic structure calculations. °F hfcc (scaling factore= 0.953) hfcc. The estimated accuracy
Excellent or satisfactory correlations for hfcc of all 23 radicals of the these methods is aboti0.2 G, which is close to the

Summary and Conclusions
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reliability of all experimental data from variety of sources.

Conformational mobility has only a small effect on the hfcc

values. The application of the resulting scaling factors was
demonstrated in critical evaluation of literature data for several
radicals.

Analysis of the electronic structures for the radicals shows
that the N-terminated array of heteroatoms generally allows for
spin delocalization to the adjacemsystem, while sulfur atoms
cut off the delocalization. Calculations show that in all cases
most spin density resides on theS—N— fragment and is
significantly delocalized throughout thesystem only ir4, 7,

8, and11l Among these, only heterocyclésand8 have positive

spin densities at the potential substitution sites and hence are

capable of extending further the spin delocalization onto
substituents.

Overall, the calculations and established correlations presentedA

here will be helpful in the analysis of experimental data and
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