3174 J. Phys. Chem. A997,101,3174-3181

Efficient Calculation of Isotropic Hyperfine Constants of Phosphorus Radicals Using
Density Functional Theory

Minh Tho Nguyen,* Steven Creve, and Luc G. Vanquickenborne
Department of Chemistry, Usrsity of Lewen, Celestijnenlaan 200F, B-3001 L&, Belgium

Receied: Nawember 27, 1996; In Final Form: February 21, 1997

Calculations of the isotropic hyperfine coupling constants of phosphorus nuclei in different environments
have been carried out using density functional theory with both B3LYP and B3PW91 functionals and a variety
of one-electron basis sets. A set of 35 radicals, radical cations, and triplet species containing P have been
analyzed, including the set recently examined by Cramer and Lifdhys Chem 1994 98, 5024) using the

UMP2 method. The dependency of the calculated spin densities with respect to the methods, basis sets, and
geometries have been investigated. Overall, the B3LYP method, in conjunction with a TZVP basis optimized
for DFT calculations and further augmented by tight 1s-functions on all heavy atoms, appears to be the most
efficient treatment, presumably owing to better cancelations of intrinsic errors. Depending on the size of the
species examined and/or the spin contamination of UHF references, use of UMP2 geometries is preferred,
otherwise B3LYP/6-311G(d,p) geometries are a reasonable choice. In both cases, linear correlation between
computed and observed values have been found with slopes close to unity and small intet€e@s

Introduction obtained by changing the method, basis set, and geometry, with
available experimental data, these authoasrived at the
conclusion that the UMP2 method, in conjunction with the split-
valence plus polarization 6-311G(d,p) basis set and based on

. . UHF/6-31G(d,p) optimized geometries (instead of UMP2/6-
detect and characterize them experimentally. One of the pODU|ar3lG(d,p) geometries), provides the best correlation with experi-

spec.tros.coplc methods ”?eo' to obtain information on thesement, the rms error being 36.1GThese resulfsemphasize
species is the electron spin resonance (ESR) technique. The

. . . - - again the primordial importance of the geometry employed. The
most interesting properties usually gained from such experlmeljtsfact that less accurate UHF geometries yield better isotropic
are thle.hyperflne goupllng constants (hfcc s) related to certain hfcc’s than the, in principle, more accurate UMP2 geometries
.nUdE?'. n .the radical. Major appllgathns of ESR are th'e points strongly toward an inherent cancelation of errors, either
identification and structural characterization of chemical species experimental or theoretical. In fact, as many ESR experiments
having unpaired electrons. Thus, the(_)reucal pred|ct|_ons beco_mewere carried out in inert métrices, a’certain small but significant
more valuable as molecular geometries and .hyperflne.couplmg eometrical distortion from gas phase structures could not be
constants can be calculated and thereby furnishing an |mportantg

additional source of information. Consequently, it is not ruled out. )
surprising that the calculation of hyperfine properties has Note that the UHF wave functions for the set of 25 doublet

received a great deal of attention of theoretical chemists. radicals considered are not particularly contaminated by higher-
The most important coupling constant is the isotropic SPIN States; the expectation valu&Oranging from 0.76 to
parameter. Unfortunately, this property turns out to be difficult 0-81- It is well-known that, when the spin contamination of
to obtain with great accuracy by use of quantum-chemical UHF references becomes large, an UMP2 treatment of the
methods, as it is strongly sensitive not only to the quality of €Nergies or spin properties is no longer valid, due to a slow
the calculation, such as electron correlation and the basis sefonvergence of the perturbation expansion. As a consequence,
used, but also to the molecular geometry. Traditional ab initio @n intrinsic shortcoming of the approach suggested by Cramer
molecular orbital theory calculations require massively cor- and Lim'is that it cannot be generalized; its application remains
related wave functions (e.g., multireference configuration Mandatorily dependent on the degree of spin contamination
interaction (MRCI), quadratic configuration interaction (QCI), Suffered by the UHF wave functions under consideration.
and coupled cluster (CC) techniques) as well as very large basis In recent years, the increasing popularity of density functional
sets to achieve quantitative agreement with experiment. Need-methods (DFT)-due to its partial incorporation of correlation
less to say, such requirements tend to prohibit useful predictionseffects at the mere cost of self-consistent field (SCF)
on large chemical systems. Therefore, much effort has beencalculations-has also a beneficial impact on hfcc’s calculations.
directed at the search for economic but reliable methods in One of the characteristics of DFT is that, in the framework of
computing the spin properties. In this regard, Cramer and Lim unrestricted formalism, the spin contamination is no longer an
have recently analyzed the performance of some relatively important or relevant parameter. A number of gréifpsas
simple MO methods including the unrestricted Hartr€eck demonstrated independently that DFT may yield good theoretical
(UHF) and its spin-projected version (PUHF) as well as second- values for spin properties. Recently, Cramer and Lim also
order perturbation theory (UMP2). As test cases, a set of 25 investigated the performance of various density functionals using
radicals containing phosphorus atoms have been consideredthe same set of 25 radicds.t turned out that DFT hfcc
Upon a detailed systematic comparison of computed valuescalculations yield similar results as MP2//MP2 calculations.
However, the obtained accuracy is considerably less than that
® Abstract published ifAdvance ACS Abstractdpril 1, 1997. obtained for MP2//UHF calculations. Cramer and Lim also
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The importance of radicals as intermediates and precursors
in chemical reactions is well-known. However, due to their
short lifetimes and high reactivities, it is often very difficult to
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noticed that, in general, DFT yields best performance using MP2 quently, single-point DFT calculations were performed at the
geometries, followed by UHF and DFT geometries. In the obtained geometries, using a variety of basis sets. While the
appropriate sections of this paper, reference and comparison6-311G(d,p) basis set was used for the DFT optimizations, the
will be made to the results obtained by these authors. smaller 6-31G(d,p) set was used for UMP2 optimizations for
In a previous work, we have assessed the performance of reasons of computational cost. Throughout the UMP2 calcula-
different high level ab initio MO and DFT methods and found tions, all core electrons were included in the correlation
that the B3LYP functiondl”12 computes relatively accurate treatment. Concerning the hfcc calculations, the basis sets were
hfcc’s of phosphorus-containing radicals. A purposely tailored chosen in the light of our previous theoretical study on a smaller
basis set, which yields satisfactory results for a small test set of subset of phosphorus containing radical#ccordingly, the
eight radicals having doublet and triplet electronic states, was following basis sets were used: the 6-311G(d,p); a DFT-
introduced. In the present work, an attempt is made to extend optimized valence triplé- basis, TZVP, and some variants
this test to a larger set of 35 phosphorus-containing radicals, proposed by us in which tight s-functions were added to the
for which a total of 48 experimental isotropic hfcc's for different core orbitals, namely, TZ\WP1s on P only and TZV#1s on
nuclei are available. The present list of radicals includes all heavy atoms, the loosely contracted IGLO-III &4and the
essentially those radicals examined by Cramer and-£im correlation consistent cc-pVTZ badks.In the discussion and
both their MP2 and DFT studies and is extended by a few more tables given hereafter, we will use the shorthand notations
radicals and some triplet phosphinidenes. Particular attentionTZVP' and TZVP' to designate TZVR1s on P and TZVR-1s
is paid to the computed results in what follows. Several on heavy atoms, respectively. The TZVP basi’sgitimized
chemical aspects, for example, the substituent effects or thewithin the framework of the local spin density approach
changes of spin properties with respect to environments, are(LSDA), consists of a (311/1) basis for H, a (7111/411/1) basis

not discussed in detail. for first-row elements, and a (73111/6111/1) basis for second-
_ . row elements. We have fouhthat further improvements can
Computational Details be obtained by adding a tight s-function to the core s-orbital.

In other words, the electronic distribution around the nucleus
is somewhat better described upon addition of a tight 1s-orbital.
The exponent of the s-function added was optimized with respect

_ _ 1 to the energy of the atom under consideration. Hence, the
2sN) = (47/3)9aAN5H p(N) @ following exponents resulted:

The isotropic hyperfine coupling for a nucleus N is obtained
from the following expression 1:

whereg is the electronig-factor, here set to the free electron C=51751.2
value 2.0023 is the Bohr magneton angl and Sy are the
analogues for nucleus Np(N) is the Fermi contact integral N=72117.7
corresponding to the spin density at nucleus N and is given by
(2): O0=96477.8
pN) = S PL 7, (na)I0)e )0 (2) F=121156.0
" P = 435485.0
a—p3 : _ . .
Wher_e P, " is an element of thg one_electro_n spin denst_lty S=503435.1
matrix andg designates the atomic basis functions. Replacing
the constants in formulas 1 and 2 by their appropriate values Cl = 566442.0
yields the following conversion factors for the different nuclei '
in radicals with a doublet electronic stat@s§ in G): All geometry optimizations and calculations of isotropic
hfcc’'s were performed by the Gaussian 94 suite of electronic
aiso(lH) = 1594.9x p(lH) structure program¥& It should be noted that the effects of
vibrational averaging on the calculated hfcc’'s are ignored in
8,(*°C) = 401.1x p(**C) this study.

14 14 Results and Discussion
8io("N) =57.6x p("'N) . : - .
Geometries. Geometries were optimized using both B3LYP
and B3PW91 functionals in combination with the 6-311G(d,p)
basis set and at the UMP2 level of theory with the 6-31G(d,p)

basis. To simplify the presentation of data, a full list of

ae(1'0) = —43.3x p(*'0)

aso(lgF)= 1501.3x p(lgF) optimized geometrical parameters is not shown here, but is
available as Supporting Information. Note that selected UMP2/
a(*'P) = 646.3x p(*'P) 6-31G(d,p) parameters have been given in ref 1 for the set of

25 radicals. While both B3LYP and B3PW91 geometries are
very similar to each other, the UMP2-derived geometries are
expected to be closer to experimental values, as we noted in
our previous study on phosphorus-containing radi¢alEhis
a.(3°Cl) = 52.1x p(**Cl) is also observed in a recent papethat pointed out that, for
molecules containing second-row elements, while B3LYP yields
To obtain the conversion factors for triplet states, the above bond lengths significantly too long, UMP2 results compare more
constants should be divided by a factor of 2. favorably to the experimental. A short summary of differences
Geometries of the species considered were optimized usingin geometry is made in Table 1. The deviations of B3LYP/6-
the B3LYP%7.12 B3PW9F812 and UMP2 methods. Subse- 311G(d,p) and B3PW91/6-311G(d,p) geometrical parameters

2iso(S) = 40.8 x p(*°S)
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TABLE 1: Mean Deviations of DFT-Computed Bond
Lengths from MP2/6-31G(d,p) Bond Lengths (). The
Number of Data Considered Is Shown in Parentheses

6-311G(d,p)

B3LYP B3PW91
P—H (14) 0.024 0.025
P-C(3) 0.010 0.000
P—O (15) -0.010 -0.014
P-S (8) 0.027 0.010
P—F (11) 0.013 0.007
P—CI (10) 0.058 0.032

TABLE 2: Electronic States and Total Energies of the
Species Considered

radical radical no. state MP2%-31G(d,p)
PH;" 1 2Aq —342.249 47
P(CHy)s* 2 27, —459.896 22
PCkL* 3 °Aq —1719.393 59
PR* 4 °Ay —639.371 42
PHe" 5 2By —684.882 74
H.POH" 6 A’ —417.317 05
H.PO 7 2N’ —417.004 55
H.PS 8 A’ —739.620 71
Me,PO 9 2N’ —495.413 60
PH, 10 B, —341.964 61
PR 11 B; —540.072 57
PChL 12 ’B; —1260.078 43
PH, 13 2A; —343.088 80
PR, 14 °Aq —739.351 78
PCl, 15 2A; —2179.327 13
HiPF 16 A’ —442.151 83
HPF; 17 2N’ —640.283 19
PR~ 18 °Aq —839.060 26
PCk™ 19 27, —2639.052 80
PO 20 B, —640.915 23
PQO,S2 21 B, —1286.196 24
POS? 22 2A" —1608.799 19
PS?- 23 B, —1931.420 46
H.PO, 24 B, —492.025 25
HPOy 25 B, —642.213 83
PO.CI; 26 B, —1410.127 34
POCE~ 27 A’ —1794.862 11
PFSC}~ 28 2N’ —1757.452 79
POF 29 2A" —665.674 60
PH 30 8y~ —341.353 24
PCH; 31 A2 —380.546 66
PNH, 32 SA" —396.573 03
PPH 33 SA" —682.782 05
POH 34 SA" —416.415 38
PSH 35 SA —739.016 76

aUsing the MP2/6-31G(d,p)-optimized geometry.

with respect to UMP2/6-31G(d,p) parameters are shown for
different types of bonds. Note that this table deals with mean
deviations, i.e., the sign of the deviation is included. It is seen
that both B3LYP and B3PW91, in general, overestimate bond
lengths with respect to UMP2. Only forfO bonds is a small
underestimation found. PH bonds are generally too long by
about 0.025 A for both functionals. While-fC and P-F bonds

are only slightly overestimated by both functionals, the error is

much worse for the heavy atoms: B3LYP overestimates the

P—S bonds by 0.027 A and thef€| bonds even by 0.058 Al

Nguyen et al.

the IGLO-IIl set are shown; the 6-311G(d,p) and cc-pVTZ
results are omitted in these tables, but can be obtained from
the authors on request. In the following section, results for
groups of analogous radicals will be discussed and compared
with the results obtained by Cramer and Lirhas well as with
available experimental data. Subsequently, a statistical analysis
of the large number of calculated data will be presented. Detail
of the basis set performance will not be discussed as this has
been reported in our previous stutlyWe will use shorthand
notations for the different computational models employed;
namely, B3LYP designates a B3LYP single-point calculation
using the corresponding B3LYP/6-311G(d,p) geometry and the
same holds for B3PW91. On the other hand, B3LYP//MP2 and
B3PW91//MP2 designate B3LYP or B3PW91 single-point
calculations using the UMP2/6-31G(d,p) geometry, respectively.

31p |sotropic Hyperfine Coupling Constants.he isotropic
31p hfcc’s calculated by four different models (B3LYP, B3PW91,
B3LYP//MP2, and B3PW91//MP2) using different basis sets
are shown in Tables 3 and 4, which also includes, for the
purpose of comparison, the UMP2/6-311G(d,p)//UHF/6-31G-
(d,p) values reported in ref 1 (this method will be referred to as
UMP2//UHF).

PHs*, P(CHs)st, PCk™, PFs™, and RHe*. For the PH*
radical cation, all four models predict isotropic hfcc’s in fair
agreement with the experimental values. The IGLO-III basis
yields hfcc’s approximately 20 G lower than the TZVP results.
While PRt has not been studied in ref 1, its methylated
analogue, P(CkJst, has. The experimental hyperfine splitting
of the latter radical cation is about 23 G lower than that ofPH
which indicates a stronger delocalization of the unpaired electron
from P to the methyl groups. While the UMP2//UHF value is
in good agreement with experiment, our values are somewhat
less, but the qualitative trend is well reestablished. s;P&hows
a much higher coupling constant thanPtdr P(CH)s*. This
fact is reasonably well reproduced by all DFT calculations as
well as by the UMP2//UHF method. In this case, DFT
calculations yield slightly better values than UMP2//UHF, in
particular the IGLO-III basis set gives excellent agreement with
experiment. It is remarkable that PFexhibits a coupling
constant which is even higher than that of PCIThe isotropic
hfcc of BHe™, which has not been studied in ref 1, is also
reasonably well reproduced by all DFT methods.

PH,, PF, and PCh. These three radicals show similar
hyperfine splittings. While DFT results for Btnd PC} are
in good agreement with the experimental, somewhat less
accurate values are obtained fon,PRFhe UMP2//UHF method
predicts a better coupling constant for,RRan the four DFT
methods, but the reverse happens for P®dHor these dicoor-
dinated radicals, use of the IGLO-III basis in combination with
DFT seriously underestimates the experimental values. It is
interesting to note that, while perfluorination induces an upward
shift of the splitting, perchlorination produces a reverse effect.

H.PO, H,PS, MePO, and HPOH". Of these four radicals,
only Me,;PO has been observed experimentally. The hfcc’s of

In general, it should also be noted that the errors with respectboth HPO and HPS have been estimated in earlier stuéfes.

to UMP2 are smaller for B3PW91 than for B3LYP. As

mentioned above, this difference in geometry will have a

significant influence on computed hyperfine coupling constants.
Isotropic Hyperfine Coupling Constants. Table 2 shows

While the UMP2//UHF-predicted coupling constant is larger
than the experimental splitting by 35 G, our calculations
underestimate it by somewhat less than 35 G. FR® H-

PS, and HPOH, large discrepancies of more than 100 G

the species under consideration, their electronic states studiedpetween the DFT results and UMP2//UHF appear. They are

and their total electronic energies calculated at the UMP2/6-
31G(d,p) level using optimized geometrieBP isotropic hfcc’s

also different from the previous MRCI valu&s!> Unfortu-
nately, to our knowledge, no experimental results are available.

deduced from a selection of methods are displayed in Tables 3Both methods show, however, the same trend: the isotropic

and 4. Only the hfcc’s obtained with the TZVP basis sets and

coupling increases following protonation, fromyPO to its
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TABLE 3: 31P Isotropic Hyperfine Coupling Constants (G) As Calculated by DFT Methods, Using DFT Geometries
B3LYP? B3PW9P
radical TZVP TZVP TZVP" IGLO-1I TZVP TZVP' TZVP" IGLO-1II UMP2/[UHF¢ exptl ref
1 405.4 418.6 418.6 402.0 398.3 412.4 412.4 392.3 419.6 16
2 343.1 354.5 354.5 348.9 344.7 356.2 356.2 348.0 402.3 393.3 17
3 745.0 769.9 769.9 838.5 743.2 768.0 768.0 831.9 767.1 833.5 18
4 1257.0 1299.1 1299.1 1323.6 1252.9 1294.8 1294.8 1303.6
5 542.2 560.4 560.4 553.9 540.3 558.4 558.4 548.5 590.2 16
6 407.8 421.5 421.5 423.9 403.0 416.4 419.3 416.4 507.2
7 326.2 337.1 337.1 357.0 317.4 328.1 328.1 344.6 206.8
8 2185 225.8 225.8 233.7 219.2 226.5 226.5 235.9 112.8
9 326.6 337.5 337.5 352.1 320.2 330.9 330.8 343.3 410.4 375.0 17
10 76.7 79.2 79.2 57.4 65.8 67.3 67.3 49.7 77.4 19
11 97.4 100.6 100.6 63.5 90.2 93.2 93.2 54.8 90.1 84.6 20
12 60.1 62.0 62.0 48.1 52.6 54.3 54.3 43.2 45.5 68.0 21
13 499.7 514.0 514.0 560.7 473.4 489.3 489.3 529.0 512.0 519.3 22
14 13155 1359.6 1359.5 1387.3 1290.7 1334.0 1334.0 1340.5 1275.0 1330.0 20
15 1291.8 1335.1 1335.1 1404.9 1270.6 1313.3 1313.2 1370.6 1250.1 1233.0 23
16 746.3 771.3 771.3 781.6 721.2 745.4 745.4 747.4 720.1 721.3 24
17 1014.2 1048.2 1048.2 1057.4 995.0 1028.3 1028.3 1024.4 1002.6 1030.8 24
18 1435.1 1483.1 1483.1 1512.2 1383.4 1429.7 1429.7 1442.0 1281.1 1328.2 25
19 1434.5 1482.6 1482.6 1569.3 1465.1 1514.2 1514.2 1588.3 1586.0 1617.0 23
20 —33.7 —34.9 —34.9 —32.7 —-35.1 —36.3 —36.3 —33.7 —-12.7 —-19.2 26
21 —14.6 —15.0 —-15.0 —14.0 —15.0 —155 —155 —13.8 —19.0 —16.8 27
22 —16.0 —16.5 —16.5 —13.7 —16.5 —17.0 —-17.0 —13.7 —15.5 —135 27
23 —13.2 —13.7 —13.7 —-111 —14.0 —14.5 —145 —-115 —21.3 —-14.7 27
24 —62.4 —64.5 —64.5 —57.5 —64.4 —66.6 —66.6 —58.7 —22.7
25 —51.1 —52.8 —52.8 —48.5 —53.1 —54.9 —54.9 —49.8 —20.9 —29.0 28
26 —50.9 —52.6 —52.1 —49.5 —51.7 —53.0 —52.6 —52.8 —19.9 —44.3 29
27 1288.1 1331.4 1331.3 1408.8 1332.8 1377.5 1377.5 1445.2 1332.7 1371.0 29
28 1027.1 1061.6 1061.6 1119.7 1038.6 1073.4 1073.4 1122.2 1123.5
29 —49.2 —50.8 —50.8 —46.6 —51.2 —52.9 —52.9 —47.8 —37.0 —39.1 30
30 54.3 56.0 56.0 25.8 40.3 41.5 41.5 13.3 44.7 31
31 53.3 54.8 54.8 26.8 40.5 41.6 41.6 13.9
32 52.4 54.1 54.1 24.7 40.1 41.5 41.5 12.9
3ZF 38.4 39.6 39.6 18.7 27.3 28.0 28.0 10.0
8.4 8.4 8.4 5.9 3.9 4.0 4.0 2.8
34 54.1 55.8 55.8 23.3 41.0 42.3 423 10.1
35 41.3 42.5 42.5 18.9 28.4 29.1 291 8.0

aB3LYP calculations using the B3LYP/6-311G(d,p) geomet3PW91 calculations using the BSPW91/6-311G(d,p) geometyP2/6-
311G(d,p) using UHF/6-31G(d,p) geometries, ref $ee Table 2 for the radical’s formul&The first coupling of PPHrefers to the phosphinidene

P, the second coupling to the phosphino P.

protonated form KEPOH', but instead decreases in going to the
sulfur analogue BPS.
PH4, PF4, PCl, HsPF, and HPR. For these radicals

changes over 721.3, 1030.8, and up to 1330.0 G in the sequence
PH; — H3PF— HPFR;, — PF,. The PCJ hfcc is similar to that
of PF,. Itis thus apparent that halogenation induces consistently

containing a tetracoordinated phosphorus atom, experimentalan upward shift of the splitting, which is by far larger than that

data are available. The DFT derived hfcc’'s are in good

agreement with experiment and better than the UMP2//UHF

results for both Pfrand HPFE. The corresponding values for

observed in dicoordinated species (see BRd PF).

PFs~ and PCE~. While the DFT-predicted hfcc’s of RF
are considerably overestimated (from 4 to 180 G), the UMP2/

H3PF hfcc’s are in reasonable agreement with the experimental; e vajue is underestimated by 47 G. For PGhe UMP2/
but they are not as accurate as the value obtained by UMP2//;;1E value is better than all TZVP TZVPor TZVP'

UHF. The PH hyperfine splitting shows a stronger dependency

calculations, but the IGLO-III basis set in combination with the

on the geometry used; in this case, the B3LYP model using \ip2 geometry, yields the better results. For both radicals, a

both TZVP and TZVP' basis sets yields good accuracy. Use
of the B3PW91 or UMP2 geometry yields consistently under-
estimated values. With a certain theoretical model, the IGLO-
Il basis set systematically overshoots the corresponding TZVP
and TZVP' values by about 40 G. The P@ase is particularly
interesting. While our DFT calculations proviél® hfcc's close

to 1300 G, the UMP2//UHF value is 1250.1 G, and the
experimental value quoted in ref 1 is only 1233 G. However,
the experimental pap®rcontains two isotropié!P hfcc’s for
this radical: while the coupling of 1233 G was observed in a
[PCI3] system, a coupling of 1310 G was observed in a jPCl
PCk™] system. Hence, it is embarassing that the relative

large geometry dependence is thus observed, with the UMP2
geometry generally giving better predictions; the bipyramid
structure seems not to be well represented by DFT calculations.
P02, PO,S?~, POS?2™ and PS?~. This is another series
of analogous molecules for which experimentt#® isotropic
hfcc’s are well established. AP hfcc's are negative for these
molecules and vary over a very small range (frer9.2 to
—13.5 G, experimental values). The absolute deviations from
the experimental results of the various models, including the
UMP2//UHF method, are very similar. While our DFT values
suggest that the hfcc’s slightly increase with an increasing

experimental data!
The experimental values show that the hyperfine coupling

too small to allow any general trend to be identified.
H.PO, and HPO,. While the DFT splittings are smaller

of the31P nucleus increases along with the increasing presencethan the experimental one o,PIO, by about 20 G, the UMP2/

of fluorine atoms: while Phlhas a hfcc of only 591.3 G, this

/UHF value is in reasonable agreement. FeP&,, where no
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TABLE 4: 31P Isotropic Hyperfine Coupling Constants (G) As Calculated by DFT Methods, Using UMP2 Geometries

B3LYP//IMP2 B3PW91//MP2
radical TZVP TZVP TZVP" IGLO-III TZVP TZVP' TZVP" IGLO-II UMP2//UHF® exptl ref
14 397.1 410.3 410.3 392.1 396.2 409.4 409.4 389.4 419.6 16
2 344.0 355.4 355.4 349.6 348.0 359.6 359.6 351.3 402.3 393.3 17
3 747.1 772.1 772.1 838.7 743.8 768.7 768.7 831.3 767.1 833.5 18
4 1262.3 1304.6 1304.6 1329.7 1258.4 1300.5 1300.5 1310.9
5 540.3 558.4 558.4 551.7 529.0 546.7 546.7 536.5 590.2 16
6 396.4 409.7 409.6 411.6 394.7 407.9 407.9 407.4 507.2
7 319.0 329.7 329.7 349.9 308.7 319.0 319.0 335.8 206.8
8 237.6 245.6 245.6 256.5 230.7 238.4 238.4 248.7 112.8
9 327.6 338.5 338.5 352.9 321.6 332.4 332.4 344.8 410.4 375.0 17
10 77.4 79.9 79.9 58.8 66.7 69.0 69.0 50.8 77.4 19
11 97.3 100.5 100.5 62.5 90.1 93.1 93.1 54.8 90.1 84.6 20
12 63.3 65.3 65.3 51.1 54.4 56.2 56.2 45.1 45.5 68.0 21
13 464.7 480.2 480.2 528.0 444.8 459.7 459.7 500.8 512.0 519.3 22
14 1294.3 1337.7 1337.7 1362.7 1279.3 1322.1 1322.1 1328.0 1275.0 1330.0 20
15 1268.7 1311.2 1311.2 1371.3 1255.6 1297.7 1297.7 1349.1 1250.1 1233.0 23
16 705.1 728.7 728.7 737.4 687.7 710.7 710.7 711.2 720.1 721.3 24
17 987.9 1021.0 1021.0 1028.4 975.0 1007.6 1007.6 1002.7 1002.6 1030.8 24
18 1363.8 1409.5 1409.5 1434.7 1332.3 1376.9 1376.9 1387.3 1281.1 1328.2 25
19 1507.7 1558.3 1558.3 1637.6 1499.3 1549.6 1549.5 1617.6 1586.0 1617.0 23
20 —33.0 —34.1 —34.1 —32.0 —34.6 —35.7 —35.7 —33.2 —12.7 —19.2 26
21 —13.9 —14.4 —14.4 —13.7 —14.7 —15.2 —15.2 —13.9 —19.0 —16.8 27
22 —13.9 —14.3 —14.3 —-12.1 —14.6 —15.1 —15.1 —-12.3 —155 —13.5 27
23 —12.8 —13.3 —13.3 —10.8 —13.8 —14.3 —14.3 —11.4 —21.3 —14.7 27
24 —59.7 —61.7 —61.7 —55.0 —62.2 —64.3 —64.3 —56.6 —22.7
25 —50.7 —52.4 —52.4 —48.2 —53.2 —54.9 —54.9 —49.8 —20.9 —29.0 28
26 —49.5 —51.2 —51.2 —47.5 —50.7 —52.4 —53.9 —48.0 —19.9 —44.3 29
27 1367.8 1410.5 1415.2 1492.7 1362.3 1408.0 1408.0 1473.8 1332.7 1371.0 29
28 1053.6 1088.9 1088.9 1145.9 1046.6 1081.7 1081.6 1130.1 1123.5
29 —40.5 —41.9 —41.9 —38.7 —42.3 —43.7 —43.7 —40.1 —37.0 —39.1 30
30 54.6 56.4 56.4 27.2 40.9 42.2 42.2 15.3 447 31
31 53.2 54.8 54.8 26.0 40.1 41.2 41.2 13.5
32 52.4 54.1 54.1 24.7 40.1 41.4 41.4 12.8
33 39.2 40.3 40.3 19.5 27.6 28.4 28.4 10.3
7.8 8.1 8.1 5.7 3.8 3.9 3.9 2.6
34 55.2 55.8 55.6 22.7 40.6 42.0 42.0 10.1
35 42.1 43.3 43.3 19.8 28.4 29.4 29.4 8.3

aB3LYP calculations using the UMP2/6-31G(d,p) geomet33PW91 calculations using the UMP2/6-31G(d,p) geométyMP2/6-311G(d,p)
using UHF/6-31G(d,p) geometries, refiSee Table 2 for the radical’s formulaFirst coupling of PPHrefers to the phosphinidene P, the second
coupling to the phosphino P.

experimental data are available, the DFT splitting is abot@® Statistical Data Analysis.Tables 5 and 6 show the mean
G, while the UMP2//UHF value is only-22.7 G. absolute deviations from experimental values (MAD) and
PO,Cl,, POCE~, PFSCh—, and PQF~. For PQCl,, we have regression analysis for values obtained by various computational
obtained good agreement with the experimental results, andmodels under consideration. While Table 5 contains the values
considerably better than the UMP2//UHF predicted splitting. when the whole data set of 48 experimental hfcc’'s of P and
For PQF—, both DFT and UMP2//UHF models nicely reproduce other nuclei is taken into account, Table 6 shows the analysis
the experimental value. While BOl; and PQF~ show small for the subset oflP hfcc’s only. In addition, Table 5 also
and negative hfcc's, POgl and PFSGH have rather large and  contains three additional schemes which have been used by
positive splittings. For POGt, an overall reasonable agreement Cramer and Lim: MP2//UHR,B3LYP//UHF?2 and UMP2//
with experiment is reached by both the DFT and UMP2//UHF UMP2. Within each subsection of Tables 5 and 6, the best
models. A considerable geometry influence is seen again, MAD is displayed in bold face.
except for PFSGI where the hfcc is less geometry dependent. It is obvious that for the complete data set, the TZ\fasis
Phosphinidenes: PH, PGHPNH,, PPH,, POH, and PSH. set yields the optimum performance in all cases. The TZVP
From the six triplet phosphinidenes considered here, only the set performs only slightly better than TZYM®ut considerably
hfcc of PH is experimentally known. This hyperfine splitting better than TZVP. When using DFT-optimized geometries
is well reproduced by all DFT methods, except when using the (B3LYP and B3PW91), the B3PW91 functional performs best.
IGLO-III basis set. This trend also holds for other phosphin- However, when UMP2 geometries are employed, it turns out
idenes; namely, the IGLO-III basis systematically yields a value that the B3LYP method gives the most accurate results. An
considerably smaller than the corresponding TZVP, TZ4Rd important point to noteas we emphasized in our previous
TZVP" results. ThélP hfcc’s of all phosphinidenes considered  work>—is that B3LYP//UMP2 yields better results than BSLYP
are similar in magnitude. The large difference in the hyperfine as evidenced by the MAD of 15.6 and 21.8 G, respectively.
splittings of both P atoms in PRHndicate that the unpaired A comparison with the results obtained by Cramer and Lim
electrons are mainly located on the phosphinidene P. for the subset of 25 radicals, reveals some interesting properties.
Isotropic Hyperfine Coupling Constants of Other Nucl&éhe It is seen that B3LYP/6-311G(d,p) results, obtained with UMP2
hfcc’s of other nuclei have also been calculated. In general, ageometries, are much superior than when UHF geometries are
discussion of the DFT values is similar to that given for P. These used (MADs of 32.9 and 22.9 G, respectively). This clearly
values will not be reported here, but they will be included in demonstrates the quality of UMP2 geometries over UHF
the error analysis discussed in the following sections. geometries. However, it is also seen that Cramer's UMP2//
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TABLE 5: Error and Regression Analysis of the Calculated hfcc’'s Relative to Experimental Values (G)
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geometry hfs calculation MAD, all hfcc’s (48) slope intercept correlation constant
B3LYP/6-311G(d,p) B3LYP/6-311G(d,p) 28.4 1.021 —18.6 0.9961
B3LYP/TZVP 23.4 0.971 —6.4 0.9964
B3LYP/TZVP 22.6 1.003 -7.8 0.9964
B3LYP/TZVP' 21.8 1.003 —6.9 0.9964
B3LYP/IGLO-III 28.0 1.045 —15.0 0.9962
B3LYP/cc-pVTZ 25.1 0.963 -9.7 0.9973
B3PW91/6-311G(d,p) B3PW91/6-311G(d,p) 28.1 1.011  -21.9 0.9971
B3PW91/TZVP 22.5 0.968 —10.2 0.9979
B3PW91/TZVP 19.8 1.000 —11.6 0.9979
B3PWO1/TZVP 19.1 1.000 —10.8 0.9979
B3PW91/IGLO-III 23.0 1.032 —-17.4 0.9978
B3PW91/cc-pVTZ 27.6 0.954 -12.8 0.9980
MP2/6-31G(d,p) B3LYP/6-311G(d,p) 22.9 1.023 —19.1 0.9978
B3LYP/TZVP 18.4 0.972 —6.8 0.9985
B3LYP/TZVP 15.8 1.004 -8.1 0.9985
B3LYP/TZVP' 15.6 1.005 -7.3 0.9985
B3LYP/IGLO-III 18.2 1.044 —-14.7 0.9983
B3LYP/cc-pVTZ 24.6 0.961 -9.8 0.9983
MP2/6-31G(d,p) B3PW91/6-311G(d,p) 27.1 1.006 -21.9 0.9977
B3PW91/TZVP 21.3 0.963 —10.1 0.9986
B3PW91/TZVP 17.9 0.995 -11.5 0.9986
B3PW91/TZVP 17.2 0.995 —10.7 0.9986
B3PW91/IGLO-III 19.1 1.025 —-17.2 0.9982
B3PW91/cc-pVTZ 29.8 0.947 -12.7 0.9981
UHF/6-31G(d,p) UMP2/6-311G(d,p) 16.5 1.022 3.9 0.9986
B3LYP/6-311G(d,p 32.9 1.038 12.4 0.9948
UMP2/6-31G(d,p) UMP2/6-311G(d,p) 21.1 0.960 10.0 0.9959

aNumber of experimental values considered is 48, including not only value¥Hobut also values for other nucléivalues obtained by
Cramer and Lirh for the subset of 25 radical$Values obtained by Cramer and Lirfor the subset of 25 radicals.

TABLE 6: Error and Regression Analysis of Calculated 3'P hfcc’s Relative to Experimental Values

geometry hfs calculation MAD, P hfcc's (24) slope intercept correlation constant
B3LYP/6-311G(d,p) B3LYP/6-311G(d,p) 37.2 1.028 —20.6 0.9959
B3LYP/TZVP 35.3 0.971 —-5.9 0.9954
B3LYP/TZVP 335 1.003 —6.2 0.9954
B3LYP/TZVP' 335 1.003 —6.2 0.9954
B3LYP/IGLO-III 36.9 1.050 —15.5 0.9964
B3LYP/cc-pVTZ 31.9 0.963 —4.9 0.9971
B3PW91/6-311G(d,p) B3PW91/6-311G(d,p) 35.0 1.020 -27.1 0.9973
B3PW91/TZVP 321 0.971 —12.3 0.9975
B3PW91/TZVP 26.8 1.003 —12.7 0.9975
B3PW91/TZVP 26.8 1.003 —12.7 0.9975
B3PW91/IGLO-III 30.3 1.038 -211 0.9978
B3PW91/cc-pVTZ 34.9 0.955 —10.4 0.9981
MP2/6-31G(d,p) B3LYP/6-311G(d,p) 28.7 1.032 —25.3 0.9979
B3LYP/TZVP 28.7 0.974 —-9.9 0.9982
B3LYP/TZVP 23.7 1.007 —10.2 0.9982
B3LYP/TZVP"' 23.7 1.007 —10.2 0.9981
B3LYP/IGLO-III 25.3 1.050 -19.3 0.9982
B3LYP/cc-pVTZ 33.1 0.962 -85 0.9982
MP2/6-31G(d,p) B3PW91/6-311G(d,p) 34.2 1.017 —29.8 0.9979
B3PW91/TZVP 31.3 0.967 —-14.1 0.9984
B3PW91/TZVP 24.6 0.999 —14.5 0.9984
B3PW91/TZVP 24.7 0.999 —-14.7 0.9984
B3PW91/IGLO-III 23.8 1.032 —22.4 0.9982
B3PW91/cc-pVTZ 40.0 0.949 —12.2 0.9981

aNumber of values considered is 24, i.e., the experimentally avaif®lafcc's considered in this study.

UHF model performs much better than UMP2//UMP2 and range from—44.3 up to 1617.0 G, the MAD looses much of its
nearly as well as our B3LYP//UMP2 model. As the latter two meaning. A better way to evaluate the accuracy might be the
use superior geometries, a particular cancelation of errors inuse of linear regression. This analysis is also shown in Tables
the UMP2//UHF model has to be present. 5 and 6. For the entire data set, correlation coefficients are
When we consider only théP hfcc’'s in the statistical — always better than 0.9961, and in general, best correlation is
analysis, of course both TZVRnd TZVP' perform equally found when using UMP2 geometries. Whithin the models using
good. Essentially, the same conclusion also holds for this dataUMP2 geometries, the best slopes are found for B3LYP//UMP2
subset; that is, B3LYP//UMP2 yields an optimal performance using TZVP and TZVP' basis sets (1.004 and 1.005, respec-
making use of the TZVP-type basis sets. tively) and for B3PW91//UMP2 using TZVRnd TZVP' basis
However, mean absolute deviations from experimental data sets (0.995). As the correlation coefficients (0.9985 and 0.9986
may not be the right indicator to probe the accuracy of this for B3LYP//MP2 and B3PW91//MP2, respectively) and slopes
type of calculations. Because the phosphorus hfcc’s span a largdor these two models are nearly equal, the intercept is another
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Figure 1. Regression analysis for the isotropic hyperfine splitting constants obtained by the B3LYP//MP2 method using tHebag¥Ret. A
total of 48 experimental hfcc’s are included.

feature to assess the accuracy. Hence, it turns out again thatntrinsic errors. It should be stressed that, when using UMP2
the B3LYP//MP2 method using the TZVasis set performs  geometries instead of DFT geometries, a considerable better
best. Note that the UMP2//UHF scheme performs nearly equal performance of the DFT methods comes out. In contrast, when
to the B3LYP/TZVP//UMP2 model as far as slope and UMP2 spin densities are used, replacement of UHF geometries
correlation constant are concerned. Their intercepts, however,by UMP2 geometries yields paradoxally much worse results.
differ by 11.2 G (3.9 and-7.3 G respectively). Forthe subset This demonstrates that the performance of an approach at an
of 31P hfcc’s only (Table 6), both B3LYP//UMP2 and B3PW91/ intermediate level of theory in computing spin densities results
/UMP2 methods yield similar results. more likely from a cancelation of different errors than from an
The overall best performance should be attributed to the intrinsic quality of that method. Needless to say that a main
B3LYP//UMP2 model using the TZVPbasis set. A graphical  factor is that gaussian functions, by definition, do not properly
representation of the regression analysis obtained with this describe the core regions. Such a combination of method/basis

method for the whole data set is shown in Figure 1. set/geometry is obviously quite subtle for a full understanding
and any practical proposition contains inevitably a certain ratio
Concluding Remarks of empirism!

Overall, it can be concluded that, when possible, the B3LYP/
counling constants of the bhosohorus nuclei in a variety of /UMPZ2 in conjunction with the TZVP basis set is the model
piing pHosp Y of choice; otherwise, the B3LYP model is the general solution.

Fesult n reasonabie agreement with experment, provided that! " 13er and the UMP2IIUHE model proposed by Crarmer and
9 P P Lim perform equally well for the set of radicals considered, as

sufficiently accurate geometries and appropriate basis sets are . . . )
used. On the one hand, the best performance of DFT is attainedsor(;1e serzlouz qncer;alnty fpr somledexperlraentg_lffdata remlalns
when UMP2/6-31G(d,p)-optimized geometries are used instead " as the choice of experimental data (when different values
of either BSLYP/6-31iG(d ) or B3PW91/6-311G(d,p)-derived can be found in the literature) has also a large effect on the

. P P . apparent performance of a model. A greater advantage of the
geometries. On the other hand, the overall best performance i

provided by the B3LYP//UMP2 method using the TZVPasis. Sg;r tﬁ'{;?ri?agg]e tgzsé;deenselrgllitzselgvrgra(i]c;/mt%éatcl)(f)r;g:iic:asltsar?:v}rr:g
A major inconvenience of the latter model is the higher . . . .

. . S multiple open shells, irrespective of the degree of spin con-
computing cost in UMP2 geometry optimizations and the tamination present in UHF(MO) wavefunctions
unavoidable problems of spin contamination. We have also '
compared the results to the ones reported earlier using Acknowledgment. The authors wish to thank the Fonds voor

d the DFT I he MO d earli [ Acknowled Th h ish to thank the Fond
the UMP2/6-31G(d,p) spin densities at the UHF/6-31G(d,p) Wetenschappelijk Onderzoek (FWO) and the KU-Leuven
geometries. It turns out that both methods often behave Research Council (Geconcerteerde Onderzoeksacties) for con-
differently in different cases, probably due to different types of tinuing support.

In summary, we have calculated the isotropic hyperfine
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Supporting Information Available: One figure containing
the UMP2- and DFT-optimized geometries of all species

considered (3 pages). Ordering information is given on any

current masthead page.
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