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Semi-empirical SCF-MO calculations were carried out for the naphthalene and anthracene radical
cations and anions. For all ions Do, symmetry was obtained. All 3N-6 vibration frequencies for all
species were calculated and assigned, applying the Herzberg convention. The valence assignment
of the vibration modes was possible applying graphical pictures of each mode and the so called
atomic partial participation (APP) values. Interesting relations between the frequencies of the ions
were obtained, e.g. for the radical cation of naphthalene vsym(CHg str.) ™ > Vasym(CHp str.) T >
Veym(CHg Str) ™t > vasym(CHg str)t, and for its anion vsym(CHg Str) ™ > vasym(CHg str) — >
Vsym(CHﬁ str)” > vasym(CHﬁ str.)"~, as well as for both ions vsym ring (Cﬁ-Cﬁ) Str. > Vasym
ring Co-Cg) str. > vsym ring (Cg-Cyo) str. Similar correlations were detected for the anthracene
ions. Interionic correlations could be observed for the frequencies of similar modes for the ions and
neutral molecules, e. g. for naphthalene vsym(CHg str.)* > vsym(CHg str) > veym (CHpg str.) ™ and
Veym(CHg str) ™ > Veym(CHyg str.) > veym(CHy, str.) ~. Generally the calculated frequencies for the

radical anions were nearer to those of the neutral molecule than those of the radical cations.
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Introduction

Table 1. Bond distances (A) and angles (deg.) of the naph-
thalene radical cation.

Aromatic radical ions gained significant importance Atoms This work Neutral
as intermediates in chemical reactions [1]. They were __ calcd. caled. [7] caled. [21]
ted in most cases through irradiation of the par- C1Co 1.488 1421 1462

genera an : P ci-cy 1.434 1.401 1.449
ent molecules or through chemical reactions such as Ci-Cy 1.418 1.398 1.380
charge transfer reactions [1]. The vibration spectrum C2-Cs 1.398 1.378 1.430
of the naphthalene radical cation was studied exper- Sl'ﬂl ﬁgg i-g;g ﬁg;
imentally applying the isolated matrix technique [2- e : : :

6] and theoretically applying the Hartree-Fock method ~ ~ ot & &2 117.500 119.100 118.000

]an ucally applying <CyCiCy 122.300 120.600 122.000
[7] and density functional approach [8]. As far aswe <c;c,Cs 120.100 120.300 120.000
know, for the naphthalene radical anion no such stud- <Hi1C1Cj 118.900 119.600 118.000
<H,CrCy 119.300 119.500 120.000

ies have been reported, although it has chemical im-
portance as reducing agent, as initiator of polymeriza-
tion and for the synthesis of metal-organic complexes
[9-12].

The anthracene radical cation was generated in an
isolated matrix applying y-radiation at 77 °K [13, 14].
It was found to participate in electronic charge trans-
fer [15,16]. It’s vibration frequencies and absorption
intensities were measured by various research groups,
e.g. Szepanski et al. [17-20]. De Frees et al. [7] cal-
culated its vibration frequencies applying the Hartree-
Fock method. Yan Ling [21] and Langhoff [22] ob-

tained the same results applying the density functional
method.

Radical ions of polyaromatic hydrocarbons (PAH’s)
gained increasing importance due to their possible car-
cinogenic properties and their presence in the inter-
stellar space. In this work we applied the MINDO/3-
FORCES [23] method for the calculation of the vibra-
tion frequencies anbd IR absorption intensities of such
molecules. The study should shed some light on the
spectroscopic properties of these ions and allow a com-
parison between their vibration modes.

0932-0784 / 03 / 1100-0645 $ 06.00 (© 2003 Verlag der Zeitschrift fir Naturforschung, Tubingen - http://znaturforsch.com



646 H.H. Abdullah et al. - Vibration Frequencies Shifts of Naphthalene and Anthracene

H8 H1

H5 H4
@

Fig. 1. Structure of the naphthalene rad-
ical cation, showing (a) the numbering
of the C and H atoms and (b) the des-
(b) ignation of the atoms in the molecule.

Table 2. Calculated vibration frequencies and normal modes of naphthalene radical cation.

Symmetry Frequency cm~* Symmetry Frequency cm™!
and This work Others and This work Others

description calcd. [7] caled. [21] exptl. [5] description calcd. [7] calcd. [21] exptl. [5]
In-plane Bag
Ag V37 CH/} str. 3081 - - -
vi  CHp str. 3089 - - - vag CHg str. 3062 - - -
vo  CHy str. 3064 - - - vzg ring (CCC str.) 1435 - - -
v ring (CCstr.)(s_g).(9-10) 1576 - - - V4o ring(CCC) 1268 - - -
vy ring (CCC str.) 1448 - - - var 0CH(pgq) *+1ing(6CCC) 1144 - - -
Vs ring (Cg-clo) str. 1337 - - - V42 ECH({Z.B) 1142 - - -
Ve ECH(,/_}»{Z) 1168 - - - Va3 ring (ECCC) 859 - - -
V7 ECH(a&ﬁ) 1153 - - - Vs ring (ECCC) 460 - - -
vg ring(6CCC) 920 - - - Out of-plane
vy ring(6CCC) 517 - - - Byg
By via YCHyp 985 - - -
V17 CH/} str. 3081 3094 - - Vis YCHB.ﬂt 763 - - -
vig CHy str. 3062 3072 - - Vig YCCq +YCHy 363 - - -
Vig ring (Co-Cp) str. 1511(—5%) 1525 1516 1519 Byg
vy ring (CCCstr) + 6CHp  1392(—6%) 1409 1386 1401 vas YCHp 980 - - -
Va1 8CHg 1249(+3%) 1274 1262 1215 Vag YCHgp +7CC 891 - - -
V22 8CHp + ring (CCCstr.) 1067 1074 1092 - Va7 Y(Co-Cio) + YCH,, 745 - - -
Vo3 ring (6CCC) 773(+2%) 782 - 759 vag ¥(Cp-Cp) + YCHp 449 - - -
Va4 ting (8CCC) 372 350 - - Ay
BZu Vio ’}’CHB 981 - - -
Vo9 CH/} str. 3089 3099 - - Vi1 YCer 877 - - -
vzg CH, str. 3063 3071 - - V12 ’}’(C/}-Cﬁ)""yCHmﬁ 474 - - -
va1 ring (CC str)) 1534(+4%) 1526 1531 1526 vis 7(Co-Cp) + YCHq 172 - - -
v, ring (CCC str.) 1354 1349 1396 - Bay
vas ring (CCC str.) 1271(+6%) 1195 1201 1218 Vis YCHg 997 979 - -
Va4 SCH 5 .q 1162 1114 1154 - vas YCHp 795 754 762
vas 8CHgp) +ring(SCCC) 1084 973 1015 1023 Va7 ¥CCl9_10) * YCHa 459 425 420 -
vag ring(6CCC) 600 559 590 - vas ¥CCo.105_p) * YCH 163 175 - -

Scaling factors: 0.876 (CH str.); 0.96 (ring (CC) str.); 1.00 (ring (CCC) str); 1.06 (6CH); 1.08 (ring (6CCC); 1.11 (yCH); 1.11 (yCCC); 1.03 (yCC).

Special

scaling factors were used for vibration modes with overlaps of different types of motion; 1.00 (ring (CC) str. + §CH); 1.00 (6CH + ring (CCC str.)); 1.00 (ring
6CCC + 8CH); 1.06 (ring (CCC) str. + 6CH); 1.11 (yCCC + yCH) or (yCC + yCH); 1.03 (yCH + yCC).

As we have explained in former papers [24-27],
the MINDO/3-FORCES method is best described as
a combination of Dewar’s MINDO/3 semiempirical
SCF-MO method and Pulay’s gradient method for the
calculation of equilibrium geometries and force con-
stants [28]. The computer program was written to cal-
culate the cartesian force constants Fij of the molecule.

The force constants were then used to calculate the
molecular vibration frequencies according to the Wil-
son’s equation

ZLJ(HJ—M”X)ZO. (¢))]
J

The equilibrium coordinates (x;) and eigenvector coef-



H. H. Abdullah et al. - Vibration Frequencies Shifts of Naphthalene and Anthracene 647
Table 3. Calculated IR absorption intensities of the naphthalene radical cation.

Symmetry Intensity Symmetry Intensity

and Integ. I; Absorb. A; abinitio [7] abinitio [19] and Integ. I; Absorb. A; abinitio [7] abinitio [19]

description cm?/mol  km/mol  km/mol km/mol description cm?/mol  km/mol  km/mol km/mol
In-plane Bag
Aq va; CHp str. 0.00 0.00 0.00 0.00
vi CHp str. 0.00 0.00 0.00 0.00 Vag CHyg str. 0.00 0.00 0.00 0.00
vz CHg str. 0.00 0.00 0.00 0.00 v ring (CCCstr.) 0.00 0.00 0.00 0.00
vs 1ing (CCig_p) (9-10)) Str. ~ 0.00 0.00 0.00 0.00 vo ring (CCC) 0.00 0.00 0.00 0.00
vs ring (CCC str.) 0.00 0.00 0.00 0.00 var 8CHggq +ring (SCCC)  0.00 0.00 0.00 0.00
vs ring (Co-Cyo) str. 0.00 0.00 0.00 0.00 vaz 8CH(gp 0.00 0.00 0.00 0.00
Ve SOCH(p o) 0.00 0.00 0.00 0.00 vaz ring (§CCC) 0.00 0.00 0.00 0.00
V7 8CH(nap) 0.00 0.00 0.00 0.00 vaq Ting (§CCC) 0.00 0.00 0.00 0.00
vg ring(6CCC) 0.00 0.00 0.00 0.00 Out of-plane
Vg ring(6CCC) 0.00 0.00 0.00 0.00 Big
B Via YCHgp 0.00 0.00 0.00 0.00
viz CHp str. 45720  16.08 1.00 - vis ¥CHp o 0.00 0.00 0.00 0.00
vig CHy str. 95245  33.29 2.00 - Vi YCCq +YCHy 0.00 0.00 0.00 0.00
Vig ring (Co-Cp) str. 25485  40.11 147.0 82.20 Bag
vao ring (CCCstr.) + SCHp 133598 17.54 19.00 27.00 vas ¥CHp 0.00 0.00 0.00 0.00
va1 8CH—a 119.00  1.40 5.00 10.70 Vog YCHgp +7CC 0.00 0.00 0.00 0.00
V2 8CHg +ring (CCCstr) 57651  6.15 22.00 3.50 Va7 ¥(Co-Cao) + YCH,, 0.00 0.00 0.00 0.00
Vo3 ring (6CCC) 003  0.00 0.00 - vag ¥(Cp-Cp) + YCHp 0.00 0.00 0.00 0.00
Va4 ring (8CCC) 6.04  0.02 0.00 - u
B vio ¥CHp 0.00 0.00 0.00 0.00
vag CHp str. 43178 1523 1.00 - Viz YCHq 0.00 0.00 0.00 0.00
vao CHy str. 082 003 11.00 - V12 ¥(Cp-Cp) + YCHq p 0.00 0.00 0.00 0.00
Va1 ring (CC str.) 5081.07 81.21 180.00 30.20 viz (Ca-Cp) + YCHq 0.00 0.00 0.00 0.00
va, ring (CCC str.) 267771 36.27 3.00 23.20 Bau
Va3 ring (CCC str.) 4597.98  58.42 3100  215.60 Vas YCHy 152.89  1.37 4.00 -
vas 8CH (5.0 16151 177  1123.00 10.20 Vas YCHp 1049.58  7.52 162.00 78.30
vas 8CHqp) + ring (SCCC) 4645  0.50 662.00 11.10 Va7 ¥CCl9_10) * YCHa 136498  5.65 48.00 19.90
Va6 ring (5CCC) 289.78 161 324.00 8.30 vag YCCioa0)s_p) + YCH 4328  0.36 5.00 -
ficients L; were used to evaluate the atomic displace-
ment vectors R@ which when plotted, applying the B
DRAW.MOL routine [29], yield a pictorial description
of each vibration mode. They were applied to evaluate

A

the atomic partial participation (APP) [23].

Results and Discussion
Naphthalene Radical lons

The geometry calculation for the naphthalene radi-
cal cation yielded a Dy, symmetry, similar to that of
the uncharged naphthalene Figure 1. In Table 1 the
equilibrium bond distances and angles are listed and
compared with theoretical values calculated by other
methods [7, 21].

It is seen that the total symmetry is maintained, al-
though some of the bond distances are changed due
to the positive charge, e.g. shortening of C9-C; and
elongation of C;-C,. The calculated equilibrium ge-
ometry was applied for the calculation of the vibration
frequencies and IR absorption intensities. Table 2 in-
cludes the frequency values and assignments, accord-
ing to the Herzberg’s convention [30], of the corre-
sponding modes of the radical cation. By the valence
assignment of the calculated normal modes, their cor-
responding graphical representations were considered,

in-plane (vy3, By, 674)

out of-plane (viz, Ay, 474)

Fig. 2. DRAW.MOL plotted graphical pictures of two vi-
bration modes of naphthalene radical cation.

as drawn with the DRAW.MOL program, as well as
their APP values. Figure 2 shows such graphical pic-
tures for two modes, in plane and out of plane. Table 3
shows the calculated IR absorption intensities of the
radical cation.

A similar treatment was done for the naphthalene
radical anion. Table 4 shows its calculated geometry
values. Tables 5 and 6 include its calculated vibration
frequencies and IR absorption intensities respectively.
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Table 4. Bond distances (A) and angles (deg.) of naphtha-
lene radical anion.

Atoms Calculated values for the
Radical anion Neutral molecule [30]
C;-C, 1.492 1.462
C/-C1 1.435 1.449
C1-C2 1.413 1.380
Cy-C3 1.396 1.430
Ci-Hp 1.109 1.107
Ca-Hz 1111 1.105
<Ci1CiC 117.500 118.000
<CiCiC 122.400 122.000
<C1CC3 120.200 120.000
<H; C C| 119.200 118.000
<HyCyCy 119.700 120.000

Due to the similarity of their molecular symmetries,
the radical ions exhibit similar symmetry modes of vi-
bration to those of the neutral molecule. Comparison
of these modes will be described in succeeding para-
graphs.

The Anthracene Radical lons

Applying the MINDO/3-FORCES method, the
equilibrium geometries for the anthracene radical
cation and anion were calculated. Table 6 gives the ob-
tained bond distances and angles of the radical cation
compared to those of the neutral molecule.

A study of the bond distances and angles shows that
the radical cation maintains the D, symmetry (Fig. 3).
The bond distances of the ion deviate from those of
the neutral molecule. The found symmetry was applied
to the assignment of its 66 modes of vibration (3N-6).
The modes were identifed as in plane and out of plane
vibrations (Fig. 4).

Tables 7 and 8 give the assigned vibration frequen-
cies and absorption intensities of the radical cation.

H.H. Abdullah et al. - Vibration Frequencies Shifts of Naphthalene and Anthracene

Fig. 3. Structure of the an-
thracene radical cation, showing,
(2) the numbering of the C and H
atoms and (b) the designation of
the atoms in the molecule.

S

Out of-plane (ves, B3y, 87)

In-plane (vi3, Ag, 416)

Fig. 4. DRAW,MOL plotted graphical pictures of two vi-
bration modes of anthracene radical cation.

A similar treatment was done for the antracene an-
ion. Table 9 shows its calculated geometry and Ta-
ble 10 its vibration frequencies and IR absorption in-
tensities respectively.

Inspecting the geometric values of Table 9, one eas-
ily finds out that the anthracene radical anion maintains
the Dan Symmetry too.

The calculated vibration frequencies of the cation
(and consequently of the neutral species) of both
molecules show a remarkable agreement with those
calculated by the abinitio method or measured experi-
mentally. The biggest deviation of the calculated from
the experimental frequencies in the case of the naph-
thalene radical cation is +6% (v35B5y), and that of the
anthracene radical cation is +5% (v47B2,). The close
agreement confirms the correctness of the treatment,
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Table 5. Calculated vibration frequencies and IR absorption intensities of the naphthalene radical anion.
Symmetry Frequency Intensity Symmetry Frequency Intensity
and Scaled Integ. I} absorb. A and Scaled Integ. I absorb. A
description cmt cm?/mol km/mol description cmt  cm?/mol km/mol
In-plane Bag
A vyr  CHyg str. 3000 0.00 0.00
Vi CHgp str. 3022 0.00 0.00 vs  CHp str. 2972 0.00 0.00
V2 CHpgstr. 2992 0.00 0.00 Ve ring (CCC str.) 1467 0.00 0.00
vs  ring (Cg-Cg) str. 1582 0.00 0.00 vig  8CH, +ring (CCC) 1202 0.00 0.00
Vs ring (Co-Cp)str. 1452 0.00 0.00 Vst 8CHg +ring(8Co-Cio 1151 0.00 0.00
vs  ring (Co-Cyp) Str. 1333 0.00 0.00 vz 8CHgp +ring (SCCC) 1060 0.00 0.00
ve  OCH 1182 0.00 0.00 va3  ring (9CCC) 799 0.00 0.00
Vi 8CHup 1163 0.00 0.00 vas  ring (§CCC) 505 0.00 0.00
Vg ring (6CCC) 918 0.00 0.00 Out of-plane
v  ring (5CCC) 520 0.00 0.00 Byg
By vie  YCHg 829 0.00 0.00
vz CHgstr. 3005  11050.3 379.11 vis  ¥CHq 728 0.00 0.00
vig  CHpstr. 2976 743.7 253 vie  YCC+yCH, 342 0.00 0.00
Vig  fing (Co-Cp) str. 1536 2226.2 35.6 Bag
v ring (CCCstr) + SCHy 1404 53.9 0.71 Vs YCHp 924 0.00 0.00
Vo1 ECH{Z 1191 8.17 0.10 Vo6 ’)/(Cg-clo) 729 0.00 0.00
v 8CHpg +ring (5CCC) 1073 3.58 0.04 Vaz YCHg + ¥(Ce-C1o) 702 0.00 0.00
Va3 ring (8CCC) 783 12.87 0.09 vg  ¥(Ca-Cp) + ¥CHp 496 0.00 0.00
voq  ring (5CCC) 385 185.89 0.66 A
By vie  YCHg 916 0.00 0.00
Vag  CHggp Str. 3010 720495 2475 vii  YCHq 719 0.00 0.00
vip  CHpgy Str. 2988 7295.8 248.85 vz yCC+yCHg 545 0.00 0.00
v ring (CCstr.) 1527 6476.2 102.98 vis  Y(Ca-Cp) + YCHqp 0.00 0.00
Va2 ring (CCC str.) 1350 2020.5 27.28 Bau
va3  ring (CCC str.) 1299 3590.1 46.62 vas  YCHp + ¥(C5-Cp) 776 697.7 5.26
vie  8CHp 1177 173.24 1.92 Vs YCHg +yCC 694  1466.08 9.88
V35 ECH{Z 1162 99.04 1.09 Va7 ’)/(Cg-clo) + YCHm 504 781.06 3.55
vss  ring (5CCC) 607 487.9 2.74 vas  ¥CCls 10)5p) * YCH;p 191 35.18 0.06
i _~AyCHg str.
3080 .-~ .- _—By CHgstr.
FT -7 e
= 1 e /,__/AgCHastr.
— - T T —
Va s s
S i , /,___’ _.z" BluCHastr.
>\ 7 7 4 - 7 - g - —_—— —
S 3040 o0 e 2222 AgCH,10) ST
i 07 -z=7
g AP B1uCHyg,10) Str.
O = /7, s 7 : -
7
9 n -t // //: C -7
" 30004 C-_s%-
2960 T T T T T T T T T T
(C14H10)” Ci4H (C14H10)"
147110 147110 147110

Fig. 5. Graphical representation for vCH str. of anthracene, radical anion, neutral molecule and radical cation.

which allowed a detailed analysis of the valence form
of these modes too. No valence assignment was re-

ported in former theoretical works. A comparison with
the experimental frequencies could not be done for the
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3120
] - AgCHB str.

—~ 3080 /,/’:,— - -— By CHgstr.
T'E i p _//,f/:::/AgCHBstr.
S N P — ByyCHgstr.
S 3040 et
] - -5 1.
> D
g — //!///
“ 30004 7/

2960 T T T T T T T I T I

(C10Hs)” C1oHs (C1oHg)™

Fig. 6. Graphical representation for vCH str. of naphthalene, radical anion, neutral molecule and radical cation.

Table 6. Bond distances (,&) and angles (deg.) of the an-

thracene radical cation.

Atoms This work neutral
calcd. abinitio.” DF.2Y  moleculel®!
C1-Cy 1.400 1.376 1.393 1.370
Cl-C’l 1.439 1.403 1.417 1.463
C’l-Cg 1431 1.404 1.412 1.419
Cl-C’2 1.484 1.423 1.442 1.473
C,-C3 1.414 1.397 1.408 1.442
C1-H; 1.105 1.072 - 1.107
Cy-H» 1.104 1.071 - 1.105
Co-Hg 1.108 1.073 - 1.109
< C’l Ci1Cy 122.100 120.200 - 122.600
<Cy C’l Co 124.700 121.700 - 124.700
<Cy C’l C’2 117.700 119.200 - 117.300
< Cy C’l Co 117.600 119.100 - 118.000
<C1CyC3 120.200 120.500 - 120.000
< C’l Co Cg 124.800 121.800 - 124.700
<H; C C’l 118.600 119.500 - 118.000
<HyCy,Cq 119.800 119.900 - 121.300
< Hg Cq C’1 117.600 119.100 - 118.000

radical anion since no experimental values are known
for it.

The valence assignment of the vibration frequencies
for all three species of each molecule reveals interest-
ing relations between their values:

The CHy stretching frequency of the radical cations
is always higher than that of the CH, bonds. For naph-

thalene the following comparative relation holds:
Vsym(CHB)'Jr Str > Vasym(CHB).Jr Stl‘
> Veym(CHg) ™ Str. > Vasym (CHg) ™ str.
And for the anion:
Veym(CHg) ™ str. > Vasym(CHg ) ™ str.
> Vsym(CHl}).i Stl’ > Vagym(CHl}).+ Stl’
For the two anthracene radical ions:
Vsym (CHﬁ) Str > Vasym(CHﬁ) Str
> Vsym(CHg) Str. > Vasym(CHy) str.

For the C-C streching vibrations, the sequence for
the naphthalene radical cation und anion is found as

Vsym 1Ng(Cp-Cp) Str. > Vasym ring(Cq-Cp) str.
> Vsym iNg(Cq-Cp) Str. > veym ring(Co-Cyp) str.

In the case of the anthracene ions, however, the
highest frequency belongs to that of the C-Cg bond:
Vasym MNG(Cq-Cp) Str. > Vasym ring(Cg-Cp) str.

> Vasym 1N (CCmp).-

The in plane CH deformation frequencies of the
naphthalene cation and anion follow the order
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Table 7. Calculated vibration frequencies and normal modes of anthracene radical anion.

Symmetry Frequency cm * Symmetry Frequency cm !
and This work Others and This work Others
description scaled  caled.® scaled!® exptl.5>17] description scaled caled. scaled!® exptl.5>17]
In-plane Byg
A v YCHg 982 1029 - -
\%8 CHﬂ str. 3087 3083 - - V34 /)/CH(9,10)+YCC(m.bS.) 896 947 - -
Vs CHy str. 3064 3059 - - vas YCH.104) +7CC 823 L -
V3 CH(9710) str. 3042 3049 — — V3g /YCH(m_bs.)"’YCH(Q,lO) 760 737 - =
vs4 Ring (CCStr-)(B—B).(m.bs.) 1538 1584 - - V37 ')/CCB+YCHB) 525 568 - -
vs Ring (CCC str.) 1543 1537 - - V3g Y(CQ'C10)+’)/CH(9710) 254 274 - -
ve Ring (CCstr.) 1327 1331 - - Ay
vz Ring (CCC str.)+6CHq 1421 1247 - - vis YCHg 980 1028 - -
vs S8CHg 1161 1211 - - Via YCHy 930 887 - -
Vg BCH{ZB +ring (CB_CB) str. 1094 1033 - - vis YCC + yCHy 742 759 - -
vio Ring (5CCC) 886 758 - - vis ¥(Cp-Cp) + 7CHy 495 493 - -
vir Ring (§CCC) 614 622 - - viz ¥CCq -+ YCHq 115 120 - -
Vi2 Rlﬂg ((SCCC) 416 381 - - Bay
By V61 O6CH (,9,10,8) 987 995 979 -
Vap CHy str. 3078 3071 3085 - Vo2 yCH(g N ,3) 941(+3%) 920 905 912
Va3 CHg str. 3061 3055 3069 - Ves YCH (5.0 782(+5%) 748 736 748
Vas CHg 10) StI. 3039 3033 3059 - Ves YCHo, 10)+7CCmbs) 442(+2%) 443 435 432
Vo5 Ring (CC str.) 1573(~1%) 1585 1581 1586 Ves yCC<910a)+yCH910a) 370 383 376 -
v Ring (CCC str) 1483(+2%) 1495 1492 1457 Ves YCCip_p) (o 10)+¥CHg 87 90 83 -
Vo7 Ring (CCC str)) 1267(—2%) 1334 1331 1291 Bag
vag 6CHyp 1241(—4%) 1265 1234 1290 vso CHpg str. 3087 3071 - -
vag 6CHp o 1155 1148 1121 . vs1 CH, str. 3061 3055 N =
v Ring (8CCCC) 841 907 894 - vsp Ring (Cg-Cp str.) 1548 1576 - -
va1 Ring (8CCCC) 656 643 634 - vss Ring (§CCC) 1344 1452 - -
vz, Ring (6CCCC) 246 224 221 - vsa Ring (CCCstr.) + 6CHg19) 1411 1437 - -
Bou V55 5CH(9»10_{1) 1267 1294 - -
vsg CHy str. 3087 3038 3007 - vss 8CH(g10q +1ing (5CCC) 1129 1208 - -
vao CHg str. 3063 3058 3071 - vs7 6CHp 1148 1105 - -
var Ring (CC str)) 1527(+1%) 1559 1556 1540 vss Ring (§CCC) 857 019 - -
vz Ring (CCC str.) 1415(—1%) 1511 1508 1418 vse Ring (§CCC) 505 515 - -
v43 Ring (CC str.) 1323 1354 1322 1341 Out of-plane
vas Ring (CC str.)+é‘CH(97m) 1284 1237 1207 - Big
vas 8CHg 10 +1ing (CCCstr) 1168(—2%) 1189 1161 1188 vis YCHqp 977 987 - -
Va6 ECHﬂa 1160(72%) 1144 1142 1183 V19 ’)/CHﬂ»a 800 759 - -
Vir 3CHgp +1ing (CCstr)  1090(+5%) 1034 1031 1034 Vao ¥CCimps) +YCHa 480 468 - -
vig Ring (5CCC) + 5CHg 19) 930 818 861 - Vai YCCmus) +7CHg 226 20 - -
vas Ring (CCC) 593 612 603 - Bag
B3g V33 )/CH/} 982 1029 - -
Vs0 CHﬂ str. 3087 3071 - - V34 /)/CH(9,10)+YCC(m.bS.) 896 947 - -
vs1 CHy str. 3061 3055 - - vas YCH.100) +7CC 823 L -
Vs2 Rlﬂg (Cm'CB str.) 1548 1576 - - % ’)/CC(m_bS_)+’)/CH(9710) 760 737 - -
vss Ring (5CCC) 1344 1452 - - Ve ¥CCp +7¥CHj 525 568 - -
vss Ring (CCCstr) + 3CH g1y 1411 437 - - vss 7(Co-C10)+YCH g 10) 254 24 - -
vss CH(o10.0) 1267 1294 - - A,
vss OCH(g10q) +1ing (5CCC) 1129 1203 - - vis YCHg 980 1028 - -
vs7 8CHp 1148 1105 - - Via YCHq 930 887 - -
veg Ring (§CCC) 857 919 - - Vis YCC+yCHq 742 759 - -
vs9 Ring (6CCC) 508 515 - - Vie ’)/(CB-CB)+’YCHB 495 493 - -
Veo Ring (CCC) 385 382 - - Viz ¥CCq + ¥CHq 115 120 - -
Out of-plane Bsy
Blg V61 O6CH (,9,10,8) 987 995 979 -
vis YCHo g 977 987 - - Vo2 yCH(g N ,3) 941(+3%) 920 905 912
vig YCHp ¢ 800 759 - - Ves YCH (5.0 782(+5%) 748 736 748
Vao YCCmps) +¥CHq 480 468 - - Ves YCHo, 10)+7CCmbs 442(+2%) 443 435 432
Var YCCmps) +YCH; 226 20 - - Ves ¥CClo10.00) + YCH(0.10.0) 370 383 376 -
Ve6 )/CCB B),(9-10) +7YCHg 87 90 83 -

Scaling factors: 0.876 (CH str.); 0.96 (ring (CC) str.); 1.00 (ring (CCC) str); 1.06 (6CH); 1.08 (ring (6CCC)); 1.11 (yCH); 1.11 (yCCC); 1.03 (yCC). Special
scaling factors were used for vibration modes with overlaps of different types of motion; 1.00 (ring (CC) str. + §CH); 1.00 (6CH + ring (CCC str.)); 1.00 (ring
6CCC + 8CH); 1.06 (ring (CCC) str. + 6CH); 1.11 (yCCC + yCH) or (yCC + yCH); 1.03 (yCH + yCC).

VaSym(BCHOt) > VSym(SCHB) Vasym(SCHQ,lo) > Vasym(SCHa)
Vasym(&CHﬁ) > Vsym(acHa), > Vsym(acHB) > Vasym(acHB)

and the anthracene radical ions > Veym(6CHgy).
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Table 8. Calculated IR absorption intensities for the anthracene radical cation.

Symmetry Intensity Symmetry Intensity
and Integ. I} Absorb. A calcd. [7,17] caled. [21] and Integ. I; Absorb. A; calcd. [7,17] calcd. [21]

description cm?/mol  km/mol km/mol km/mol description cm?/mol  km/mol km/mol km/mol
In-plane Bag
Ay vso CHy str. 0.00 0.00 0.00 0.00
vi CHg str. 0.00 0.00 0.00 0.00 vs1 CHy str. 0.01 0.00 0.00 0.00
v, CHy str. 0.00 0.00 0.00 0.00 vs2 Ring (C4-Cy str.) 0.00 0.00 0.00 0.00
vz CH(g 1) str. 0.08 0.00 0.00 0.00 vs3 Ring (6CCC) 0.00 0.00 0.00 0.00
va Ring (CC str.)(s_g),(m.bs.) 0.00 0.00 0.00 0.00 vs4 Ring (CCCstr.) + 6CHg19) 0.01 0.00 0.00 0.00
vs Ring (CCC str.) 0.00 0.00 0.00 0.00 vss 6CH 9.10,0) 0.00 0.00 0.00 0.00
ve Ring (CCstr.) 0.00 0.00 0.00 0.00 vss 6CH 9 10,0) * ring (CCC)  0.00 0.00 0.00 0.00
vz Ring (CCC str.)+6CH,, 0.00 0.00 0.00 0.00 vs7 6CHp 0.00 0.00 0.00 0.00
vg O6CHp 0.00 0.00 0.00 0.00 vsg Ring (6CCC) 0.00 0.00 0.00 0.00
vg 6CHg g +r1ing(Cs-Cp) str.  0.01 0.00 0.00 0.00 vsg Ring (6CCC) 0.00 0.00 0.00 0.00
vio Ring (5CCC) 0.00 0.00 0.00 0.00 veo Ring (6CCC) 0.00 0.00 0.00 0.00
v11 Ring (8CCC) 0.00 0.00 0.00 0.00 Out of-plane
vi2 Ring (6CCC) 0.00 0.00 0.00 0.00 Big
By vig YCHo g 0.00 0.00 0.00 0.00
V22 CHp str. 94257 33.12 0.00 - Vig YCHp o 0.00 0.00 0.00 0.00
Va3 CH str. 99557 34.79 2.00 - v20 YCC(m.ps) + ¥CHa 0.00 0.00 0.00 0.00
V24 CH(g 10 Str. 900.09 31.23 4.0 - v21 YCCmups,) +YCHp 0.00 0.00 0.00 0.00
vz Ring (CC str.) 2386.09 39.11 55.0 54.50 Byg
vz6 Ring (CCC str.) 2241 0.33 21.0 21.00 vaz YCHp 0.00 0.00 0.00 0.00
Va7 Ring (CCC str.) 141356  17.91 11.0 16.40 Va4 YCH(9.10) + YCC(mbs) 0.00 0.00 0.00 0.00
vag 8CHy 12886 151 11.0 12.10 vas YCH(9 10,0 +¥CC 0.00 0.00 0.00 0.00
Va9 8CHp 31289 341 0.00 - Vas YCCp-Cimps) +¥CHg10)  0.00 0.00 0.00 0.00
vso Ring (6CCC) 19.27 0.15 2.00 - va7 YCCp +yCCp 0.00 0.00 0.00 0.00
va1 Ring (6CCC) 2.09 0.01 2.00 - vag ¥(Co-C10)+YCH 9 10) 0.00 0.00 0.00 0.00
vz, Ring (6CCC) 21.85 0.05 1.00 - Ay
Bay viz YCHp 0.00 0.00 0.00 0.00
Vg CHp str. 1076.97 37.95 4.00 - vi4 YCHy 0.00 0.00 0.00 0.00
vao CH str. 6.28 0.22 4.00 - vi5 YCC + yCH 0.00 0.00 0.00 0.00
va1 Ring (CC str.) 12670.48 201.57 37.00 91.80 vi6 Y(Cp-Cp) + YCHp 0.00 0.00 0.00 0.00
Va2 Ring (CCC str.) 15578.97 220.48 49.00 196.80 V17 YCCy + YCHy 0.00 0.00 0.00 0.00
Va3 Ring (CC str.) 2124430 292.8 56.00  267.40 By
vag Ring (CCstr.) + 6CHg10) 2559.58  32.87 834.00 - V1 6CH (49,10, 38.18 0.34 10.00 4.70
vas 6CH(g10) +ring (CCCsstr.) 948.98  11.09 1196.00 156.10 V62 YCH (9.10,8) 2681 0.23 41.00 20.90
vag 6CHp 65.47 0.72 2.00 0.04 ves YCH(p.q) 92893 6.54 147.00 68.40
va7 6CH,, g + ring (CC str.) 9.61 0.10 6.00 3.60 Vo4 YCH9,10) + YCC(mus.) 1076.00 4.62 61.00 27.20
vag Ring (6CCC)+6CHg10)  1107.26  10.30 1.00 2.50 Vves YCC(9.10,0) + YCH(9.10.00) 110.06  0.37 4.00 -
Va9 Ring (6CCC) 257.19 1.41 0.00 - Ves YCC(p_p).(o-10) + YCHp 42113 0.33 2.00 -

Table 9. Bond distances (A) and angles (deg.) of anthracene
radical anion.

Atoms Calculated values for the
Radical anion Neutral molecule [30]
C:-Co 1.398 1.370
Ci1-C1 1.439 1.463
C1-Cy 1.430 1.419
C:-Cy 1.486 1.473
Cy-C3 1.412 1.442
Ci-Hp 1.110 1.107
Cy-Hy 1.110 1.105
Cg-Hg 1.110 1.109
<C1Ci1C 122.800 122.600
<C31C1Cy 125.200 124.700
<C1C1C 117.300 117.300
< Cy C1 Cy 117.500 118.000
<C1CyC3 119.900 120.000
<C1CyCy 125.000 124.700
<H;C1 Cy 118.900 118.000
<H;CyCy 120.300 121.300
<Hg CyCy 117.500 118.000

The out of plane vibration frequencies of the naph-
thalene radical ions show y(CHg) ™ > y(CHg) ™.

Interionic Correlation

Of higher interest is the comparison of the fre-
quencies of the three species radical cation, neutral
molecule and radical anion. It is seen that generally the
frequencies of the radical anions are nearer to those of
the neutral molecules than those of the radical cations.
This might be explained in terms of the following facts:

e The energy required for the formation of the rad-
ical cation is much higher than that for the radical an-
ion. The calculated magnitude of Eyomo = —8.2 eV of
naphthalene is bigger than that of E; ymo = +0.47 eV,

e The formed anion is expected to be the thermo-
dynamically more stable than the corresponding radi-
cal cation. For this reason, the change in the valence
binding energies of the bonds of the anion, relative to



H. H. Abdullah et al. - Vibration Frequencies Shifts of Naphthalene and Anthracene 653
Table 10. Calculated vibration frequencies and IR absorption intensities of anthracene radical anion.

Symmetry Frequency Intensity Symmetry Frequency Intensity

and Scaled Integ. I;  absorb. A; and Scaled Integ. I}  absorb. A

description cmt cm?/mol  km/mol description cm? cm?/mol  km/mol
In-plane Bag
Ag vso  CHiep) Str. 3008 0.00 0.00
Vi CHg e str 3026 0.01 0.00 vsi  CHg g StI. 2990 0.00 0.00
Vs CHig.10) agp SHI. 3005 0.00 0.00 vs2  Ring (C4-Cp) str. 1561 0.01 0.00
vi  CHig10) StT 2996 0.00 0.00 vss  Ring (5CCC) 1461 0.00 0.01
vs  Ring (CCCstr) 1601 0.00 0.00 vss  Ring (CCCstr.) + 8CH(g 19) 1344 0.02 0.00
vs  Ring (CC str) 1485 0.00 0.00 Vs 6CH(9.10.0) 1278 0.00 0.00
Ve  Ring (CC str) 1328 0.00 0.00 ves  8CH(g10.¢) *+ ring (5CCC) 1121 0.00 0.00
\%4 Rlﬂg (CC str.)(m_bs_)_(ﬂ,ﬂ) 1293 0.00 0.00 Vs7 SCH(Bm) 1157 0.00 0.00
Vg 6CHg 1173 0.00 0.00 vss  Ring (6CCC) 836 0.00 0.00
Vo  8CHy 1169 0.00 0.00 vse  Ring (§CCC) 530 0.00 0.00
vie  Ring (6CCC) 884 0.00 0.00 Vo  Ring (6CCC) 398 0.00 0.00
v Ring (6CCC) 620 0.00 0.00 Out of-plane
viz  Ring (5CCC) 420 0.00 0.00 Big
By Vis  YCH(ap) 885 0.00 0.00
Vaz  CHigp) Str. 3009 128877  442.68 vis  YCH(pea) 782 0.00 0.00
Va3 CHg1o) Str. 2996 1057.2 36.20 V2o ¥YCCimps) +¥CHa 497 0.00 0.00
Vog  CH(p g Str. 2991 12.14 0.41 Vot ¥CCms,) +7¥CHpg 257 0.00 0.00
vas  Ring (Cq-Cp) str. 1589 1826.7 30.24 Bag
vas  Ring (CCCstr) 1497 0.12 0.00 Vas  YCH(pq +7CC 867 0.00 0.00
vo7  Ring (CCCstr.) + 8CHp 1348 4.24 0.05 Vas  YCH(o,p) + ¥YCCqms) 778 0.00 0.00
Vg 8CHyg 1251 25.08 0.30 vas  YCC+ YCH(910.0) 790 0.00 0.00
Vag  SCH(p ¢ 1162 127.1 1.39 Vs YCHg.10) + ¥CC 704 0.00 0.00
v Ring (5CCC) 842 1391 0.11 viz  A(Ca-Cp) + YCHg 541 0.00 0.00
va1  Ring (5CCC) 661 9.84 0.06 vis  7(Co-Cio) + YCH(9.10) 256 0.00 0.00
vz  Ring (5CCC) 250 246.25 0.57 A
By vis  YCHp 935 0.00 0.00
vag  CHp str. 3022 11490.0 396.4 Via  YCHq 838 0.00 0.00
V40 CH({Z.B) str. 2999 3067.40 105.01 Vis /)/Cc(m.bs.) 701 0.00 0.00
var  Ring (CC str) 1519 14282.2 225.94 vis  ¥(Cp-Cp) + YCH; 522 0.00 0.00
viz  Ring (CCCstr) 1438 16877.7 242.7 viz NCo-Cp)+ ¥YCH(ap) 117 0.00 0.00
vaz  Ring (CCmpr) Str)+8CHg 10) 1379 23475.7 323.65 Bay
vas  Ring (Cq-Cp) str. + CHg 19) 1277 1861.9 23.78 Ver  YCHiagp) + ¥CC 821 387.77 3.09
vas  8CH(g10) *+ ring (CC str.) 1177 34.93 0.41 Vo2 YCH(9.10.0) 793 1152.37 8.23
vas  SCH(p ¢ 1172 105.1 1.16 Ves  YCH(910.0.5) + YCC 694 455.40 3.07
Var  SCH(qp) 1166 156.76 172 Vet YCCimbs) + YCH(910.0) 503 751.76 341
vag  Ring (§CCC) + 6CHg 1) 932 2884.1 26.87 Ves  YCC910.0) + YCH (910,00 352 113.17 0.36
vie  Ring (6CCC) 599 67.05 0.37 Ves  YCCis_p).9-10) 95 33.12 0.03

the neutral molecule, is smaller than that of the radical
cation.

Comparing the calculated frequencies for the three
species of each molecule, the following relations are
detected:

In-plane Vibrations

The CH stretching frequencies decrease on going
from the radical cation to the radical anion. For naph-
thalene:

Vsym(CHg) ™ str. > vsym(CH¢) str. > vsym(CHg) ~ str.
Vsym(CHﬁ)‘Jr Str > Vsym(CHﬁ) Str > Vsym(CHﬁ)._ Str,
and similarly for anthracene:

Vsym(CHg) ™ str. > veym(CHg) str. > veym(CH¢) ™ str.
Vasym(CHg) ™ Str. > Vasym(CHy,) str.

> Veym(CHg) ™ str.
Vsym(CHg) ™ str.> veym(CHp) str.
> Veym(CHg) ™ str.
Vasym(CHp) ™ str. > vagym(CHp) str.
> Vasym (CHp) ™ str.
V(CH(QY:LO))'Jr str. > v (CH(9710)) Str.
>V (CH(9,10))'_ str.

The reason for this change is obviously the change
in the C-H force constants for the bonds, caused by the
change of the electric charge of the molecules. Figures
5 and 6 show schematically these changes in the vibra-
tion frequencies of the C-H bonds.

No uniformed change in the C-C stretching vibra-
tions could be detected for the ions of both molecules.
The succession order of the C-C stretching frequencies
differs from than that of the C-H stretching vibrations,
the neutral molecule showing in most cases the highest
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C-C vibration frequency. The reason for that is the
different bond orders of the different C-C bonds
and thus the different changes in these bond orders,
and consequently their force constants, on reduction
or oxidation of the molecules. The change for the
naphthalene molecule is viewed in the following
scheme:

Vsym (Cp-Cp)> Veym(Cp-Cp) ™ > veym(Cp 'CB)'Jr
Vasym (Cl;-Cl;)‘+ > Vasym(C/i'C/})‘_ > Vasym(C[}'C/})
Vsym (C9-C10) " > Veym(Co-C10) ~ > Vsym(Co-C10)
Vasym (Ca'CB)> Vasym(Ca-Cl;)'7 > vasym(Ca-C/;)'+
as well as

Vsym (CCC str.)> veym(CCC str.) ~> vsym(CCC str.) *

Vasym(CCC Str.) > Vagym(CCC str.) *
> Vasym(CCC Str.)'_,

and for the anthracene molecule

VsymCCm‘b_ > Vsym Can;rb > VsymCC}TIb.
Vasym(Ca'Cﬁ) > Vasym Ca'Cb_ > Vasym Ca'CE_

Out-of-Plane Vibrations

For these vibrations, the sequence of change in fre-
quencies depends on the position of the CH bond
too. Different types of vibration frequency changes are
found for both naphthalene and anthracene molecules.
For naphthalene

Y(CHy)> 7(CHg) ™t > Y(CHgy) ~
Y(CHp)™ > ¥(CHp)> y(CHp) ™,
and for the anthracene molecule and ions
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