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The structure and properties of free base porphin{RHd phthalocyanine (PeHare compared using B3LYP/
6-31G(d,p) (5D) and UHF/6-31G(d,p) (5D) calculations. The two molecules show two isomers where the
two central hydrogen atoms lie in trans and cis positions. Theis-isomers lie 2840 cmt (PH,) and 3183

cm ! (PcH,) over the most stablB.y, trans-geometries. The tautomerization processes are hindered by transition
states at 5269 cm (PH,) and 5107 cm! (PcH,). The ionization potential and the electron affinity are calculated

to be+6.40 and—1.11 eV for PH and+6.03 and—1.91 eV for PcH, from the determination of the cation

and anion energies and structures. Harmonic frequencies and electric and nonlinear optical properties are
also reported. An interpretation of the electronic absorption spectra is also given for both molecules. For
PH,, CASPT2 calculations have been achieved using the 6-31G(d,p) (5D) base set and different active spaces.
For PcH, the spectrum has been interpreted at the CASPT2(4,4)/6-31 level. The calculated positions of the
Q« @, and B bands of phthalocyanine (1.61, 1.99, and 3.14 and 3.19 eV) are in a very good agreement with
the experimental values (1.81, 1.99, and 3.65 eV).

Introduction calculations performed using effective Hamiltonians have been
publishec®®28 The main available spectroscopic and structural

Porphyrins and phthalocyanines play important roles in many information of PcH is experimentad®-34

biological mechanisms for their physical and chemical proper- bl dci .
ties12 As photosynthesis is one of the most significant examples 2 Presents two stable structures trans and cis (see Figure

) S ) A ) 12,25 i i _
of this characteristic process, their study is of interest for the 1&P):**>The determination of the trans-conformer symmetry

development of new organic materials for optoelectronic and aS been the object of many theoretical investigations over a
artificial solar energy conversich. long period. Previous papers show a long discussion concerning

The variety and significance of properties and applications the relative S_tab'“ty of wo possible trans-minima: G, .
arise from the characteristic molecular structures. Free baseJS0Metry. which represents a resonant structure where single
porphin (PH) and free base phthalocyanine (Bhtsee Figures and double bonds are altegrlgted, ar[dz@geometry, where all
la and 2a) can be contemplated as the fundamental componentg1e bonds are bala_mcéd?v " The complexity of th? s_tudy
of the two series of compounds. From the theoretical point of proceeds from the h|gh-_symmetry S.”““F“fe'm'oca'_“.ﬁ“or?y
view, the high symmetry and-delocalitation have induced their ~ 2nd the refative large size of BHvhich induce instabilities in
investigation. Structures, properties, and applications can pethe ab initio calculations. The .near-degenerann .of the orbitals
modified and modulated by introducing metals in the macro- prpduces RHF unstable functions apd false relfatlve energy. At
cyclic cavity or adding axial and peripherical substitutéd. this level, PH presents twdC,, favorite geometries separated

An exhaustive understanding of the free base compounds isby a saddle p0|nt. 0fDzn symmgtry. X-ray> and NMR;G
fundamental for the search of new organic materials Composedmeasures of su_bstltuted porphyrins prove thatsPH; is a
by porphyrins and phthalocyanines. For this reason, the main hlghly_symmetn(.: molecule. )
as much relevant information as possible from quantum_ h|gh denSIty Of states C|Ose to the ground State. ThIS m0|eCU|e
mechanical calculations. For this purpose, stable structures and1as been studied by neutron and X-ray diffracidr?! The
Optica| and spectroscopic properties are determined, and theneutron diffraction structural data have been interpreted by
absorption spectra, related to the electronic transfer processesassuming aDz, symmetry?® where the two hydrogens are
are also analized. Although some attended aspects ohRve localized on opposite nitrogen atoms. The earlier X-ray study
been first studied with more or less sophisticated calcula- Of the solid state was interpreted with a hydrogen-bridge model
tions#-25 the present theoretical investigation of the structure Where the hydrogens are shared by two nitrogen af8ifis.

and spectrum of PcHis innovative. To our knowledge, few The instability of the RHF functions in conjugated systems
is a well-known effec® that was first studied in PHby
* Corresponding author. E-mail: imts420@iem.cfmac.csic.es. Reynolds using semiempirical methddBrevious papers on
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(a)

(b) cis-h,-phthalocyanine

(b) cis-h;-porphin
Figure 1. transHz-Porphin (a) anctis-Hz-porphin (b).

Figure 2. trans-H,-Phthalocyanine (a) ands-H,-phthalocyanine (b).

appears in the last occupied and the first unoccupied orbitals.
trans-PH,>~ 7910 recognized an important job for the electron The two high occupied orbitals (HOMO and HOMQ)
correlation. Almd et al.g authors of one of the most complete transform as the jp and au representations of tBey, group,
works, have compared the RHF, MP2/RHF, and LDF behaviors whereas the two lowest virtual orbitals (LUMO and LUMQ)
starting the search fron€,, and D, geometries. From the  show bgand kg symmetries. The excitations connecting these
negative eigenvalues of the stability matrix, they found an UHF orbitals produce two B, and two B, electronic states and
determinant lying below the RHF one. They have obtained a provide two parallel bands ,Qand B and two perpendicular
uniqueD2, minimum with MP2 and LDF but have ignored the bands Q and B,.. According to this interpretation, the Soret B
fact that the reference determinant instability can be retained band is assumed to be composed of two perpendicular compo-

by the correlated functions. Merchan et*8lfollowing the four nents.

orbital model of Goutermaff;32 have performed CASPT2 Many authors, who have employed ab initio calculations for
calculations on twdC,, and Dy, structures of porphin. ThB, the assignments, have taken into consideration the Gouterman
geometry is found to be the most stable when thand o model. Nagashima et 4land Yamamoto et &.have used

electrons are simultaneously correlated. The multireferenceinteraction configuration (CISD), whereas Merchan ettal?
description is comparable to the derived fronilMo—Plessset have employed second-order perturbation theory on different
theory applied on a single Slater determinant. active spaces (CASPT2). They concluded that the simultaneous

The spectroscopic properties of Plnd PcH have very correlation ofx and o electrons is crucial for reproducing
much interest from the theoretical point of view, and for their experimental band positions and geometries. The CASPT2
applications in optoelectronic and solar energetic. The electronicresults are almost independent of the CAS size.

absorption spectrum of BF#45 shows three different regions The B band assignment has induced controversy because
with 7—az* transitions. The first one corresponds to the visible experiments show a unique branch, and calculations based on
and show a Q pattern with two components: x @arallel the four orbital model distinguish two ,Band B, compo-

polarization and very weak) is observed between 1.98 and 2.02nents*#11.19Serrano-Andre et al'® have related the discrep-
eV, and Q (perpendicular polarization and high intensity) is ancies to the basis set. They have demonstrated that the
observed between 2.33 and 2.43 eV. The second region, at theenlargement approaches the secogg®the second B excited
near-ultraviolet, shows a very intense B band called Soret state. Recently, a new assignment has been proposed: Nakatsuji
between 3.13 and 3.33 eV. The third region shows broad andet all® and Nooijen and Barlétt have related the excitation
diffuse bands (N (at 3.65 eV) and L (at 4.25 eV)). 1Ag—2Bs, to the B band and the transition §A2B;, to the N

The four orbital model of Gouterm&h“® has been the band. They use SAC-ClI and STEOM-CC methods. Later,
conventional model for the absorption spectrum interpretation Gwaltney and Barltlet? have returned to the old interpretation
because the main effect of theorbitals near-degeneration although their STEOM-CC results are in a very good agreement
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with those of ref 17. The spectrum has been also interpreted TABLE 1: Total Electronic Energies E (au), Relative
using density functional theoR#:24 EnergiesEg (cm~1), HOMO —LUMO Gap (au) of trans-PH,

. and trans-PcH, Calculated with HF, UHF+stable and the
In the case of Pchl the large size of the molecule has g 375 (5D) Basis Set

hindered the rigorous interpretation of the spectf&#ilt shows

two sharp peaks in the visible region at 686 nm (1.81 e\{) (Q HF UHF-+opt
and 622 nm (1.99 eV) (Q(Q-band), a less intense broad band E Er gap E
centered at 340 nm (3.65 eV) and extended from 376 to 302 PH,
nm (Soret or B band), and other bands (N, L, and C) below C., ~ —983.285366 0.0 0.26758
280 nm. Theoretical studies with valence effective Hamiltonians Pz~ —983.279313  1328.5 0.23637 —983.339229
show two intense optical transitions in the visible region that PH,~
can be clearly correlated with the componenisa@d Q. Gz —983.313289 0.0 0.25379 —983.325652

Although, the four orbital model proposed for PHas been Do —983.294740  4071.0 0.22140
considered inadequate to interpret the B band of £Z¢#fthe PH;'

—983.116444 0.0 0.23110

: g Ca
current work is a study of the spectrum and the validity of the =*
. . . D —983.103411 2860.4 0.16075 —983.122583
model using CASPT2 calculations over a CAS(4,4) active space. "
The spectrum is calculated and compared with the one of free 1657.936390 OPSHZ 0.21562 —1658.008226
. . . . 20 - . . . - .
base porphin. The vibrational spectrum is also analyzed. We D —1657.929076 16050 0.18440—1658.008787

report structures and properties of Bakhd, for the first time,

i i ; ; PcH!~
the harmonic frequgnmes. The wbrauorya] spectrum 0} RH C, —1658.002590 0.0 024408
also calculated and interpreted from ab initio methots!523 D,, —1657.977891 5420.8 0.16109 1658.024849
. . PcH!*
Structure and Molecular Properties of H,-Porphin and C, —1657.265258 22530.4 0.07021
H»-Phthalocyanine Da —1657.779811 0.0 0.20412—1657.812517

For comparing the two molecules, the calculations have been 2 Asymmetric structures.
achieved at the same level of theory imposed by the size of
PcH. The computations of structures and properties have been Inconsistencies and divergencies with experimental résfts
performed with the Gaussian 98 progrém. came from the RHF function instability caused by the small
The search of minimum energy structures of trans-free basegap between orbitals, thedelocalitation and the high symmetry
porphin and trans-free base phthalocyanine has been initializedof the molecules. For exploring the problem, we have restarted
with the RHF/6-31G(d,p) (5D) method and full optimization the investigation following two different ways and using the
of the geometry. The 6-31G(d,p) (5D) basis set contains 406 RHF symmetrical geometries to reinitialize the calculations. For
atomic orbitals and 770 primitive functions in the case ogPH  determining and comparing molecular properties, we use density
and 650 orbitals and 1246 Gaussian functions for £cH functional theory (B3LYP/6-31G(d,p) (5D)), which produces
Geometry optimizations have been started from f6yrCs,, stable functions; for exploring the instabilities, we use the
and Dz, geometries by imposing symmetry constrains. As was algorithms implemented in Gaussian98yhich produces UHF
expected, the four initial geometries converge to two planar functions after taking away the constrains of the RHF method.
structures ofZ,, andDan, symmetry. TheC,, symmetry has been ~ As was first inquired by Reynol8sand Almldf et al? for the
found to be the most stable in disagreement with the experi- heutraltransPH,, a UHF determinant more stable than the RHF
mental measures. one exists for both molecules. In the case if the ionic species,
The first column of Table 1 shows the RHF/6-31G(d,p) (5D) an UHF determinant of low symmetry exists below the
energies of the neutral molecules and the ionic species. TheSymmetrical one. Although they are inconsistent, the RHF and
cation and anion structures and energies have been integrate@HF results are included in the tables because they can be useful
for obtaining electron affinities and ionization potentials with for understanding of the-electronic structure of porphyrins.
orbital and geometry relaxation. The PHotal electronic In the fourth column of Table 1, the energies obtained after
energies have been determined tot$#83.285366 au(,,) and eliminating constrains of the RHF method (UtiBpt) are
—983.279313[D2,) au, and the ones of PeHo be—1657.936390  shown?’ They correspond to the minimum energy structures,
au (Cz,) and —1657.929076 aullz,). The energy differences  all the frequencies of which are positive. They have been
between the two symmetries, 1328.5¢nfor PH, and 1605.0 calculated by optimizing the geometries starting from the RHF
cm~1 for PcH, are of an order of magnitude corresponding to minima and using the corresponding optimized UHF determi-
different conformations. Apparently, they are critical points of nants as initial guesses. In the process, some structures lose the
the potential energy surface of the electronic ground state. original symmetry. If the symmetry break appears only on the
However, the gaps of the third column (energy differences high virtual orbitals, the molecules maintdan, properties. This
between the lowest virtual and the highest occupied orbitals) is the case of the UHFopt unique minimum of PH(E =
show clearly that the twdC,, and Dy, forms correspond to  —983.339229 au) that shows a dipole moment equal to zero.
different electronic configurations. For RHAgap is 0.8 eV Although the UHFR-opt method is not optimum, it may be
(0.26758-0.23637 au). For PcilAgap is 0.8 eV (0.21562 regarded as a valid approximation for calculating properties
0.18440 au). connected with the electronic structure. For example, i, PH
For both molecules, the RHF harmonic analysis proves that the ionization potential improves significantly with the wave
the C,, geometry represents a potential energy surface minimum, function optimization (from 4.8 eV (RHF) to 5.9 eV (UHfept).
whereas th®,, structure is a transition state. Ignoring the orbital The experimental value is 6.9 &Y.
energies, it looks like a saddle point between two Kektdg From the contributions of the nuclear repulsion energy
structures. For both molecules, tBe, geometries show one  (N—N), the one-electron energ¥), and the electron kinetic
negative frequency that transforms as thgrBpresentation and  energy (KE) to the total RHF and UHFopt energies, it may
corresponds to Askeletal deformation in th€,, structures. be inferred that an electron delocalization gain is the physical
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TABLE 2: Total Electronic Energies (au), Relative Energies (cnt), HOMO —LUMO Gap (au) of trans- and cis-PH, and
trans-PcH, Calculated with B3LYP/ 6-31G** (5D)

PH, PcH
Ea Er gap Ea Er gap
trans O2n) —989.556491 0 0.10702 —1668.329426 0 0.07889
cis (Cx) —989.543551 2840 0.10610 —1668.314923 3183 0.08007
TS (C) —989.532483 5269 0.10659 —1668.306158 5107 0.07823
trans-PH~ —989.592561 0.04056 —1668.395845 0.04188
trans-PH'* —989.319129 0.04876 —1668.107603 0.07907
E(cm™) TABLE 3: Structural Parameters 2 of PH, and PcH,
6000 trans-PH,
o H—N’ 1.0148 H-N'—-C, 1246 TS
1 N'—-C, 13724 N-C,/—-C4 106.6 H-N1 1.0258
N—C, 1.3635 N-C—C; 111.1 H-N2 1.2841
4000 - Cy'—Cg 14350 CmC,/—Cs 127.9 H-N3 1.2682
Cu—Cs 14606 CmC,—Cs 123.3 N2-H—-N1 147.2
_ Ci/—Cm 1.3940 @-Cm-C, 127.1
C,~Cm 1.4002 G-C4/-C, 108.0 cis-PH;
2000 C/—C;/ 1.3724 G-C/—C, 1062 H-N 1.0283
C;—Cs 1.3564 H-C/—C, 1243 HN-C, 117.0
H-Cy' 1.0815 H-C4—C, 125.4
| H—Cs 1.0827 H-Cm—C, 115.9
H—Cm 1.0860
0
trans-PcH
08 12 L6 2 24 H-N'  1.0135 H-N-C, 1238 TS
H-N(A) N'—C, 1.3780 N-C,/—C; 106.2 H-N1 1.0265
Figure 3. Minimum energy path of the tautomerization process. N—C. 1.3654 N-C—Cp 121.4 H-N2 1.2660
C,/—Cy 1.4528 G'—Cy/—Cy 1314 H-N3 1.3347
meaning of the elimination of the RHF constrains{Ngnr = g“,__c,if 1.4670 Q,__Cﬁv__cl , 1331 N2H-NL 1438
«—Nm 1.3180 @'-C/-C,; 117.8
1868.4339 AUERHE = —5048.7773 au, Kigg = 983.1177 au Co—Nm  1.3363 g_cl_cz 117.6 cis-PcH
and N-unrtopt = 1853.9115 auBunrtopt = —5020.1907 au,  c/-Cy 1.3978 G-C,/-Cy 1212 H-N 1.0305
KEunr+opt = 983.2278 au). The effect is larger for PAN—N C—Cs 13929 G-Cr—Cp 121.1 H-N-C, 1153
= 0.78%,AE = 0.57%,AKE = 0.01%) than for PcHi(AN—N C/—C; 13915 Nm-C,/—C, 1257

= 0.61%,AE = 0.47%,AKE = 0.01%). AN—N = [N—Ngyr CG—Cp 13972 NmCo—Cy 1214
— N=Nurropl X 100/N-Nar, ...). ST Taoe eloTy oa
o ! . 2—Cz : G-C/—H 1204
Table 2 shows the critical point energies of the two molecules H—c,;  1.0849 G-C,—H 120.8
calculated with B3LYP/6-31G(d,p) (5D). At this level of theory, H-C; 1.0852 H-C,;/—C/ 119.6
which produces stable functions, the most stable structures areH—C; ~ 1.0860 H-Co—C, 119.6
trans-isomers ofDy, symmetry. Both molecules shows a H-C; 1.0863
secondary minimum o€,, symmetry where the two central aDistances in A; angles in degrees.
hydrogens are attached to neighboring nitrogens (see Figure
2a,b). The separation of the two isomers has been calculated taand the N-H distances to be 1.2841 A in Bldnd 1.2660 A in
be 2840.1 cm?, for PH,, and to be 3183.0 cmi, for PchH. PcH. From the thermodynamic point of view, the cis-isomer
In the first papers, the X-ray data of Pgfi3! were formation is slightly more probable for BHhan for PcH,
interpreted using a hydrogen-bridge model where each hydrogenwhereas, from the kinetic point of view, the activation energy
is shared by two neighboring atoms. Our calculations show that favors the Pckiprocess. It may be inferred that both molecules
this structure represents a step of maximum energy of the trans:present similar behavior.
cis transformation process. Nevertheless, the interpretation of Table 3 shows the structural parameterstrahs-PH, and
Hoskins et akl is supported by the DFT calculations. transPcH, and the same characteristic bond distances and angles
In the trans-isomer, the two central hydrogens can lie in the of the cis-form and the transition state. Tables 4 and 5 show
axis z or y. In the cis-isomers, the two hydrogens can be the molecular properties and the harmonic frequencies. If we
connected to neighboring nitrogens in four different ways. compare the rotational constants of the trans and cis-isomers,
Although the tautomerism mechanism between the two trans- it is evident that Phlis more distorted during the tautomerization
forms of PH has been the object of controversy, calculations, than PcH.

and experiments denote that it is a two-step pro&&s8.The The ionization potentials (IP) and the electron affiniti&g) (
stability of the cis-isomers, which shows all the frequencies are magnitudes of interest to evaluate the possibility of
positive, suggests a mechanisnti@ns-PH, (2):cis-PH:trans applications of molecular systems in the profit of solar energy.
PH; (y) for both molecules. To include geometry and orbital relaxation, they have been
Figure 3 represents the minimum energy path of the tau- determined from the zero point energies (ZPE) of the neutral
tomerization processes. The independent variabtéiNepre- species, cations, and anions (see Table 4). For this purpose, the

sents a real bond of the cis-isomer breaking during the process.cation and anion geometries have been fully optimized using
The path has been calculated from the energies of 10 structuresas starting points the neutral trans-species structures. For both
partially optimized. The N-H distance has been frozen whereas molecules, two process&ansPH:transPH andtrans-PH:

the orientation has been relaxed. The relative energy of thetransPH,~ have been considered.

transition states with respect to the trans-forms have been If the relaxation is allowed, the B3LYP/6-31G(d,p) (5D)
calculated to be 5269 cmi for PH, and 5107 cm? for PcH, ionization potentials are 6.40 eV (Rrand 6.03 eV (Pch) and
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TABLE 4: Zero-Point Energy (ZPE, au), lonization PH,
Potential (IP, eV), Electron Affinity ( E,, eV), Dipole Moment eV
(Debye), Polarizabilities (au), and Hyperpolarizabilities (au) _ 034b,
of PH, and PcH, Calculated with B3LYP/6-31G** (5D) U P PcHy
. 3
transPH, cis-PH, transPcH, cis-PcH *
(D2n) (C2) (Dan) (C2) ] 286 by,
ZPE —989.260301 —989.248070 —1667.892769 —1667.879229 < 450b
A(MHz) 266.1308 278.9281 89.2738 89.3686 T P
B (MHz) 263.5992 251.3367 88.9665 88.8999 -6.24 a, —
C(MHz) 132.4295 132.2073 44,5599 44.5668 1— — 5.47a,
IPa.b 6.40 6.03 -6.45b,,
EL -1.11 -1.91 -8 -8.78b,,
u 0.0000 2.0932 0.0000 1.9367 -
Ok 446.7 428.2 846.3 828.6
Qyy 434.9 455.3 829.0 828.4 Figure 4. HOMO—1, HOMO, LUMO, and LUMGH1 orbitals of
gzz 836(%0 Z)BOE)O %)1810% %1610% porphin and phthalocyanine.
72z . . . .
g“y 58'7097 o 8'888 _00'5544f _8'888 are no published frequencies for Pofdee Supporting Informa-
Boy 20.237 0.000 —1632 0.000 tion). The harmonic frequencies can be calculated with &bt
Pazx —4.351 9.054 7.548 2.946 if the symmetry of the lowest orbitals is preserved. ForPH
Bayx 1.927 —3.907 —5.580 —6.5426 the symmetry representations lowest modes have been calculated
B s aeee ek 493969 to be 156.7, 133,5, 125, 98.1, 66.8, 316.5, 292.1, 55.4'cm
’ . 0 ) wi an .5, 7, 7, 4, 2,
B —0.897 16.744 —2.509 —3536.663 55.8 cnr! with UHF+opt.

aExperimental IP: IP= 6.9 eV (for PH,); IP = 6.41 eV (for

Pchy). ® ZPE of the anions= —989.301062 au (PHY), —1167.962876  Clectronic Absorption Spectra of Hx-Porphin and

au (PcH™Y); ZPE of the cations= —989.025268 au (PHY), Hz-Phthalocyanine
—1167.671359 au (Pef). The absorption spectra have been investigated by determining
the electron affinities are-1.11 eV (PH) and—1.91 eV (PcH)). the vertical excitations with the methods CAS (multiconfigu-

In agreement with experiments, IP is 0.37 eV larger i, PH rational using the completed active space) and CASPT2 (second-
than in PcH. The observed values are 6.9 eV @#¥and 6.41 order multiconfigurational perturbation theory). The multi-
eV (PcH),** which represent a difference of 0.49 eV. The IP configurational computations have been performed with the code
is underestimated with DFT, whereas a considerable improve- MOLCAS®! on the B3LYP/6-31G(d,p) (5D) geometries.
ment is obtained if orbitals and geometry are relaxed. With the  The calculations of PiHwere carried out with the 6-31G-
Koopman'’s theorem (IR —EnomosLyr)), We obtain 5.16 eV (d,p) (5D) basis set using different definitions of the active space.
(PHy) and 4.98 eV (Pchb). Previous papers show that different For the selection, we have started from the work of Serrano-
ab initio techniques usually underestimate the IP value (for Andrés et al.l® who have definedr-spaces with the lowest 6
example, SAC-CI (6.09 eVf), STEOM-PT (6.40 eV¥). How- virtual orbitals and 7 (or 8) occupied orbitals and conclude that
ever, previous semiempirical calculations that include electron the CASPT2 results do no depend on the size of the active space
correlation overestimate the ionization potentials (7.30 eV but on the nature of the included of excluded orbitals. For adding
(PH2)*?). With semiempirical correlated calculations, it has been more information, we have selected new sets for incorporating
found to be 6.57 eV4}? all the m-occupied system. As orbitals over zfbdo not
Applications of porphyrins and phthalocyanines in optoelec- contribute to the transitions, we have limited the virtual space
tronic depend on their linear and nonlinear optical properties. to 2 or 3 orbitals.
The changes in optical and electrical properties of &itl PcH Table 5 shows the excitations energies obtained with different
during interactions with other molecules have been the basis of spaces. CAS(4,4) refers to Gouterman et al.’s mé&téf.On
chemical sensors transducer layers. As was expectedhe  the basis of the orbital gaps, fomrorbitals HOMG-1, HOMO,
structures’ dipole moments are zero (Table 4) andXhelipole LUMO, and LUMO+1 have been selected. For CAS(5,4), the
moment of PcH (1.9367 D) is larger than the one of PH space has been augmented adding a virttsakbital of au
(2.0932 D), which is more distorted during the tautomerization. symmetry (see Figure 4). In the cases of the CAS(8/12) and
However, the components of the polarizability tensor and the CAS(9/12) calculations, twelve electrons have been correlated
hyperpolarizabilities are a 50% larger for Bdbécause the gap  and the space has been defined with siwccupied orbitals
between excited states of Pgid smaller than in PH The static and two or three virtuat-orbitals. In the CAS(15/26) case, all
hyperpolarizability components of Table 4 are calculated the occupiedr-orbitals have been included. All the valence
numerically. They cannot be directly compared with experiments and. electrons have been correlated for the CASPT2 calcula-
but there are highly valuable to understand the influence of the tions.
molecular and electronic structures on hyperpolarizabilities. The PH spectrum is characterized by three patterns, corre-
Whereas the harmonic force field of tig, isomer of PH sponding to the regions between1.98 and 2.02 eyh@&hd),
has been first studied carefufly3152%o our knowledge, there  2.33 and 2.42 eV (Qband), and 3.13 and 3.33 eV (B band)

TABLE 5: Vertical Excitations Energies (eV) of PH,

CAS CASPT2 CASPT2
state assign (4/4) (5/4) (8/12) (9/12) (15/26) (4/4) (5/4) exp
1Bay Q« 3.58 3.32 3.08 2.77 3.01 1.11 1.00 1-9802
1'Boy Qy 3.81 3.55 3.31 3.38 3.22 1.74 1.71 23842
21B3, Bx 5.20 5.12 4.60 4.55 4.56 3.87 2.22 34333

21By, By 5.21 5.21 511 4.85 5.02 2.78 2.34
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TABLE 6: Comparison between Absorption Spectra of PHand PcH,

PH, Pch

CAS(4,4) CASPT2(4,4) exp CAS(4,4) CASPT2(4,4) exp
11B3, Q 3.61 1.14 1.982.02 3.56 1.61 1.81
11By, Q 3.87 1.89 2.332.42 3.49 1.99 1.99
21B3, B, 5.20 2.51 3.3:3.33 5.63 3.14 3.65
21B2u B, 5.23 3.21 6.14 3.19

(for the leveling of the components, the two central H atoms  Concerning the density of states, the electronic configurations
define theX axis and theZ axis is defined to be perpendicular of both molecules present clear differences. The LUMO
to the molecular plane). Although, bands called N and L have HOMO gap is 0.67 eV for Pciand 6.54 eV for PRl The gap
been observed over B, the current study is limited to the first HUMO—HUMO-1 is 0.21 eV for PHand 3.31 eV for Pchl
excited states because the aim is to compare two moleculesfor PcH, almost a single configuration contributes to the excited
one of them of large size. The first outcome that can be states, whereas, in BHtwo configurations contribute. Two
summarized is that the CAS method produces too high valuestransitions contribute with a weight 6¢50% to the bands of
for the positions whereas the CASPT2 produces too low values.PH,, whereas a unique transition contribute with a weight of
As the correlation and the active space increase, the full ~#90% to the bands of PeH

spectrum is displaced to the low energies.

The Q and Q bands have been always assigned to the

transitions to the 1 B and 1 By electronic state¥5> However, P, Peft P, Pett
two different assignments have been suggested for the B band. @« 2a—4bsg  4a—6hsg Q  2a4by  4ai—bhyg
In the traditional interpretation, based on the four orbital model, B gblf4b29 . 5bl“_f'4m9 .

, L x  2a;~>4kpg  6byi—6lbyg By 2a—4bp;  6bii—6hyg
the B band is contemplated as a superposition of twaril B, Sy —4byg Sby—dbsg

unsolved components who are assigned to the transitions to the

2By, and 2B, states':193840The second interpretation proposes The CASPT2 results are in very good agreement with the

the calculations produce a gap between theil B, compo- experimental values and allow us to interpret the spectrum of

nents that is not observed experimentally. B is interpreted as apcH,. The positions of the three bands,, @, and B, observed

single component that can be assigned to the, 8@ite and the  at 1.81, 1.99, and 3.65 e¥#have been calculated at 1.61, 1.99,

transition to 2 By state is assigned to the N batfdThe main and 3.14-3.19 eV. It may be predicted that an extension of the

group of authors accept the traditional theory and the splitting active space up to HOME8 can stabilize the 28 and 2By,

between B and B, is explained® as a basis set error that can  states and approach the B band to the experimental value.

be eliminated by improving the level of calculations. By

comparing our 6-31G(d,p) (5D) and 6-31G results, we can infer ~ Acknowledgment. We acknowledge the CSIC of Spain and

the same outcome (see Tables 5 and 6). the CITMA of Cuba for the grant 2001CU0010. This work has
Some undesirable results that block a definitive interpretation been also supported bi the Ministerio de Ciencia y Tecrialogi

of the PH spectrum are found. The splitting between the of Spain, grants AYA2002-02117 and BFM2001-2315.

calculated B and B, components increases with the improve-

ment of the space. It has been calculated to be 0.01 eV with Supporting Information Available: Table of harmonic

the CAS(4,4) model and to be 0.46 eV with CAS(15/26) one. frequencies of Piland PcH calulated with B3LYP/6-31G(d,p)

In addition, the dynamical correlation augments the splitting (5D). This material is available free of charge via the Internet

from 0.01 to 1.09 eV for the CAS(4/4) space, although the effect at http:/pubs.acs.org.
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