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Effects of Alkyl Substituents on the Excited States of Naphthalene: Semiempirical Study
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The effects of the successive addition of alkyl substituents (methyl and reduced rings) on the excited states
of naphthalene are reported. The calculated electronic states of all the reduced derivatives with two, three,
and four substituents are compared with the excited states of their methylated analogues. The excited states
of several reduced derivatives with seven and eight substituents are also studied. The AM1 method was used
to optimize the geometry of 57 naphthalene derivatives, and excited states were calculated with the ZINDO/S
(INDO/S) method. ZINDO/S calculations on naphthalene gave excited states in better agreement with
experimental results than with results of other semiempirical (CNDO/S and CNDOL) and ab initio (CIS,
TD-HF, and TD-DFT) methods. Successive alkyl substitutions are accompanied by bathochromic displacements
of the UV—visible bands, since the occupied orbitals are raised in energy more than the unoccupied orbitals.
However, not all available substituent positions in naphthalene alter its orbital energy distribution in the
same way when they are occupied by alkyl substituents. Distortion from planarity of the naphthalene skeleton
of some reduced derivatives is the cause of “anomalous” bathochromic displacements of the absorption bands.

Introduction because there are many similarities among them. Even if
. . . complete separation were possible, identification would still be
Polycyclic aromatic hydrocarbons (PAHS) are aromatic ifficult because in many cases standard compounds are not
compounds containing only carbon and hydrogen atoms in & ayajlable for comparison and positive identification purposes.
series of interconnected rings. The alkyl-, amino-, halogen-, and |; has heen proposed that PACs in oil sands samples are basically
nitro-substituted derlvatlve_s, along with the mono- and.poly- alkylated PAHs, mainly methyl- and ethyl-substituted PAHs,
N, -S, and -O heteroatomic analogues of PAHS, constitute & 4jthough it has also been suggested that partially hydrogenated

much larger and diverse class of molecules, the polycyclic paHs (maybe with reduced rings as substituents) may be present
aromatic compounds (PACS)These materials are found in 55 3 consequence of the reduction process undergone by the

nature, e.g., in petroleum, and are generated by human activity samples during industrial treatménEurthermore, monoaro-
e.g., by combustion. Interest in PACs can be traced back to paiic compounds with reduced rings have been found in
Michael Faraday’s isolation of benzene in 1825 and has chromatographic studies of heavy distillates.

continued to the present by virtue of the central role of the — rpq presence of alkyl groups causes some problems in the
concept of aromaticity in the development of modern chemistry. jgentification of the species because the greater the number of
The high incidence of scrotal cancer in chimney sweeps in (ings the larger the number of possible alkylated isomers and
England was noted more than 200 years ago and is now knownine harder the labor of separation, identification, and quantifica-
to be due to the highly carcinogenic properties of some PAHS. jon_ state-of-the-art chromatographic methods are mainly used
To avoid the health hazards and to improve the efficiency of {4 separate and identify these compounds, incorporating UV
refining processes, it is imperative to have methods that cansiple, laser fluorescence, and mass spectrometric detectors.
identify and determine the amount of PACs in various materials. pyowever, all these isomers are indistinguishable from each other

The petroleum industry is vitally interested in the identifica- using mass spectrometry and there are few good reference
tion and quantification of PACs in their source materials, final electronic spectra available.
products, and intermediate process streams because these To complement our previous discussibo$the quadrupole
compounds interfere with petroleum refining operations by moments of PAHs and their separation by chromatography, this
poisoning catalysts or building up in chemical reactors. They paper focuses on the effect of alkyl substituents on the excited
may also corrode refinery equipment and alter the odor and shelfstates of naphthalene, the smallest PAH. The effect of methyl
lifetime of the final products. Environmental regulations to and reduced-ring substituents (cyclic substituents that are
reduce toxic emissions also must be considered. This is of evencompletely reduced) on the electronic spectrum of naphthalene
greater importance in the oil sands industry because the aromatigs examined. We are interested in studying the effect of the
content of these source materials is much higher than in mostsuccessive addition of methyl and reduced-ring substituents on
other forms of crude oil. the UV—visible spectrum of naphthalene. The calculated

There are thousands of PACs in petroleum-related samples.electronic spectra of all the reduced derivatives with two, three,
Characterization of these compounds is extremely difficult and four substituents are compared with the spectra of their
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methylated analogues. The calculated excited states of severahnd density functional theory (TD-DF#,as implemented in
reduced derivatives with seven and eight substituents are alsoGaussian 98! with Pople’s 6-3%-G(d) basis set. The DFT
compared. calculations are performed using Becke's three-parameter
The electronic spectrum of naphthalene has been widely exchange functional (B#in combination with the Lee, Yang,
studied in both the vapor ph&sand in solutiorf Furthermore, and Parr correlation functional (LYP.
a variety of theoretical calculations have been performed at For the cases where experimental results are available, we
different levels of theory: semiempiricaland ab initic® have chosen to compare our results with experimentally
Polymethylnaphthalenes have also been broadly studied indeterminedimay (OF Amay) rather tharv o (1o_o) values where
solution, but few U\+-visible spectra of reduced-ring naphtha-  possible’?
lene derivatives have been reportéti.¢ The effects of-OH, For the substituted naphthalenes the calculation of excited
—NH,, —CN, and—CHO substituents on the electronic spectra giates is performed with the ZINDO/S method using the
of naphthalene have been theoretically analyzed and interpretedyecifications previously mentioned. The MEE is set to 12 eV
by the method of configuration analysfs.A systematic  for those compounds with more than three nonaromatic rings
theoretical study of the effects of alkyl substituents on the (seriesF, G, H, andl), and for the rest of the molecules the
excited states of naphthalene has not been previously reportedyieg is equal to 13 eV. This change is made in order to include

We have also decided to use alkylated naphthalenes as a tesf ,nroximately the same number of singly excited configurations
case study to locate properties of the electronic spectra with ¢4, agch compound.

e e e To SR the notaton fr th orials he occuped MOS
P . rger sy NS the ground-state configuration will be called H, H1, H2, ...
are longer and differences in wavelength due to changes in the

o ; - starting from the HOMO, and the unoccupied MOs will be
ggZ'ﬁ'ggrsmg];glkyl substituents are more likely to be detected called L, L1, L2, ... starting from the LUMO. Thus, H1 denotes

A total of 57 compounds, listed in Figure 1, were included the HOMO-1 orbital and 1.2 denotes the LUM® 2 orbital.

in this study. For ease of identification these compounds were . i

labeled in alphabetical order according to the number of Results and Discussion
substituents in the ring. Methylated isomers have also been
identified with a number. To distinguish between a methylated calculated at several semiempirical levels with excitation

naphthalene and its reduced analogues (a reduced naphthalen@nergiesAE) smaller than 5.3gm* are reported in Table 1,

with the same number and position of substituents linked to along with their intensities in terms of the oscillator strength

the ring), the same letter and number is used, but a subscriptisf) "oy the ab initio calculations the first eight singlet excited

added to the label of t_he rgduced compounds. Hence, I"’melg'states are reported. Some experimental results in the vapor phase
such a€2, E,;2 andE, 2" identify a methylated compoun&®) are also summarized.

and its reduced analogue&,;2 and E;2), all with four The ab initio (CIS and TD-HF lculati ive hiah
substituents connected to the ring in the same positions. For . e ab initio .( an .) calculations give higher
molecules of the seried and, the same subscript is used for excitation energies than the semiempirical methods. TD-DFT

the reduced analogues, but the number in the label of the reducecgig':jitr'ﬁgmenbﬂ?lﬁz frl]rt?er:gi tigeZO:reag:)etevvrg?lnrte;VrI;ZJggjelvlﬂ;nr;
compounds has no relation to the alkylated analogues. ) AN
P y 9 more transitions than those observed are predicted with CNDO/S

Computational Details and CNDOL, and their agreement in position and intensity with

Because of the size of the molecules chosen for this study 8XPeriment is not as good as those predicted with ZINDO/S.
(up to 32 heavy atoms), a semiempirical SCF-MO Hamiltonian Thls_ls wh_y the excited states of the alkylated naphthalenes are
was selected for the geometry optimizations of all substituted Studied with the ZINDO/S method.
naphthalenes. Various semiempirical techniques have previously It was previously shown that a singles-only CI calculation
been used for the geometry optimization of naphthaléfiée (CIS) using the ZINDO/S approximation accurately reproduces
AM11 optimized geometry of naphthalene is closest to experi- the optical spectrum of naphthalef#é:?In refs 7b and 7c, single
ment, and therefore, all the naphthalene derivatives are optimizedexcitations that lie within-6.504m™* of the ground state were
at the AM1 level as implemented in the MOPAC, v. 6.0, included in the CI calculation, as well as some additional
program packag® selected configurations of the symmetry type of interest{50

Excited electronic states of naphthalene are calculated using70 configurations). In ref 7e a full CIS calculation (including
the semiempirical methods for which the appropriate software all possible singly excited configurations within the 24 occupied
is available: CNDO/$2 CNDOL *and ZINDO/S (also known  and 24 unoccupied MOs of naphthalene) was performed, but
as INDO/S)?15employing the AM1 optimized geometry. For ~ results were in poorer agreement with the experiments (Table
the CNDO/S and CNDOL methods, as implemented in the 2). The symmetry of the calculated excited states is also related
program NDOLZ6 48 lowest-energy singly excited configura- to the number of configurations included.
tions (the maximum number of configurations possible due to  Because of these differences, a study of the energy criterion
constraints of the program) are considered in the CIS procedure for the selection of single excitations is performed in order to
For the ZINDO/S method, as implemented in HyperChem, v. determine the best conditions (considering the quality of the
5.07 values of 1.267 and 0.585 are employed for the empirical results and the computational time) under which the ZINDO/S
overlap weighting factor§, andf,,” respectively. Moreover, method gives results closest to experiment for the excited states
an energy criterion of 13.0 eV for the maximum excitation of naphthalene. Thus, calculations are performed including
energy (MEE) of the configurations included in the CIS singly excited configurations at 11 different maximum excitation
procedure (this selection will be explained in the following energies (MEEs) and within 3515 (15 occupied MOs and 15
section) is chosen. unoccupied MOs) and 220 subsets of MOs. The number of

Excited states of naphthalene are also calculated by meansonfigurations (no. conf) considered in each calculation has also
of ab initio CIS1819time-dependent Hartred=ock (TD-HF), been included in Table 3.

1. Excited States of NaphthaleneAll the singlet transitions
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When the number of configurations included in the CIS the calculated spectrum with this MEE are reported in Table 2.
procedure is increased, the calculated excitation energiesThese results are in excellent agreement with those reported by
decrease. However, the energy does not decrease variationallyRidley and ZernéPc and with the five z—a* transitions
(i.e., excitation energies are not closer to the exact value whenobserved in the vapor spectrdThe calculations indicate a
an improved procedure is used), since the ZINDO/S single- forbiddenz—o* band at 5.0um™* (!B1¢) and forbiddent—s*
point calculation uses a parametrized (semiempirical) Hamil- bands at 4.46m™! (*Ag), 4.62um™* (*Bsg), and 5.22um™*
tonian. The inclusion of more than the “necessary” configura- (*Bsg).
tions is useless because the calculated excited states are in poorer The only difference between experiment and calculation is
agreement with experiment. Thus, it is important to determine the symmetry assigned to a band reported at 26! by
the number of singly excited configurations that have to be George and Morri&¢ On the basis of PPP calculatidAsind
included in the CIS procedure. It was also found in our study the intensity of the band, it was assigned'Bs,. However,
that the position and intensity of the calculated bands are very Ridley and Zernef® explain this band by suggesting that it is
dependent on the values given to the overlap weighting factors,Bsg and that it borrows intensity from th&,, band at 4.91
especiallyf,. um~1 through one of the {y modes.

The best agreement with experiment at the lowest computa- Although Rydberg states have been identified to appear from
tional cost was found to occur with a MEE of 13 eV. Details of 5.40 um~! for naphthalené&$ the assignment of the last two
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TABLE 1: Position (AE in gm~1) and Intensity (f) of Calculated and Experimental (in Vapor Phase) Excited States of
Naphthalene

AE (f)
calculated experimental
CIS(FC) TD-HF TD-DFT CNDO/S CNDOL ZINDO/S absorption neon
6-31+G(d) 6-31+G(d) B3LYP/6-31+G(d) (48 confy (48 confy (63 confy (vapor}® matrixef
4.16 (0.090) 3.91 (0.015) 3.55 (0.009) 3.54 (0.006) 3.34 3.26 (0.006) 3.20 (0.002) 3.21(0.07)
4.29 4.12 3.63 3.91(0.101) 3.89 3.72(0.162) 3.75(0.102) 3.58 (0.13)
5.00 4.99 4.41 4.36 3.90 4.46
5.20 5.08 4.44 4.44 3.92 (0.001) 4.60 (1.956) 4.75 (1.0) 473 (1.72)
5.30 5.29 4.66 4.74 3.93(0.028) 4.62
5.32 5.29 (0.301) 4.73 4.76 3.96 4.91 (0.676) 4.95 (0.3) 4.91 (0.60)
5.60 (2.154) 5.31 4.96 4.78 (0.902) 4.24 (0.002) 5.05
5.62 (0.062) 5.50 (0.094) 5.02 (0.003) 4.86 4.46 5.22 5.26 (0.1)
4.87 4.50
5.03 4.60
5.18 (0.357) 4.63
5.25 4.81
4.91
4.93 (0.018)
5.02
5.18
5.28
2 Number of configurations included in the CIS calculation.
TABLE 2: ZINDO/S Calculations on Naphthalene
this work (MEE= 13 eV) ref 7b,c ref 7e (full-CIS)
(63 conf} (50—70 conf} (1153 conf} experimerftt

state  configurations cohfc?) type A (nm) AE® (f)d state  AEC () state  AEC(f)d state AE® (f)d

1B,, la,— 2by H-L1(0.55) a@x* 307.2 3.26(0.006) !B, 3.25(0.002) Bs, 3.23(0.003) B  3.20(0.002)
2bs,—2by,  H1-L (0.43)

1B, 1a,— 2by H-L(0.88)  mx* 268.6 3.72(0.162) By, 3.77(0.148) By, 3.39(0.166) By, 3.75(0.102)

1A, 2bs,—3by,  H1-L2(0.56) mx* 2241 4.46 A, 448 By, 4.28(1.590)
lbpg— 2y, H2-L1(0.28)

By, la,— 2by H-L1(0.42) sn* 2175 4.60(1.956) B, 4.58(1.866) 1By, 4.29 B, 4.75(1.0)
2b3,—2by,  H1-L (0.55)

By, 1a,— 3bsy H-L2(0.80) ax* 2166 4.62 By, 467 A, 445

By, 20 —2by  H1-L1(0.87) ax* 203.7 4.91(0.676) By, 4.86(0.672) B, 4.53(0.563) By, 4.95(0.3)

1By, 1a,— 5by, H-L4(0.95) xo° 1981 5.05 By, 5.27 By, 4.93

By  1bpg—2by,  H2-L(0.96) ax’ 1915 522 By 5.27 By, 4.95 1B,, 5.26(0.1)

aNumber of configurations included in the CIS calculatiBominant configurations of each CIS statdJnits areum™. 4 is intensity.

excited states (Table 2) in terms of dominant singly excited  The ZINDO/S calculations are in very good agreement with
configurations could change if more flexible and computation- experimental results. Small differences can be attributed to the
ally expensive ab initio methods with proper one-electron basis presence of solvent (even nonpolar solvents can alter slightly
sets including Rydberg functions are used. Even the assignmenthe spectra of PAHs). Qualitative changes in the position and
to the other excited states would change if other levels of theory intensity of the maxima reported are very well described. The
are employe®d or if more singly excited configurations are  bathochromic and hyperchromic displacements exhibited due
included in the CIS proceduré.This situation would also be  to increasing the number of substituentsdinpositions (see
applicable to the excited states of the naphthalene derivativesFigure 2a) are very well reproducé* The excited states of
studied. alkylated naphthalenes can also be calculated accurately with
2. Effects of Alkyl Substituents on the Excited States of  the ZINDO/S method.
Naphthalene.Since the degree of reproducibility of the excited 2.1. Methylated and Reduced Series of Substitughtsfirst
states of naphthalene with the chosen method was excellent, iteight singlet excited states of the series of methylated and
is expected that calculations on alkylated naphthalenes will alsoreduced-ring naphthalenes were calculated. Alkylation starts
be in good agreement with experiment if a similar number of from position 1 and continues successively to position 8 (see
singly excited configurations is included in the CIS procedure Figure 2b). The displacement of the calculated -tiisible
because ther framework is the same. Hence, the main bands when increasing the number of alkyl substituents on the
characteristics of the U¥visible spectrum of naphthalene, in  naphthalene ring is shown in Figures 3 and 4 for both series.
terms of the dominant configurations in each CIS state, should Every transition has been identified in terms of the dominant
be reproduced. singly excited configurations (e.g.,H.1/H1-L, H-L, etc.).
Vapor-phase spectra have not been reported for any of the To obtain more information about the effects of alkyl
naphthalene derivatives included in our study. Experimental substituents on the MOs of naphthalene, the ZINDO/S orbital
results for polymethylnaphthalenes in hydrocarl§dres/e been energies of H2, H1, H, L, L1, L2, L4, and L5 of both series are
reported, and we have used some of them to compare the qualityplotted, as well as the calculated transition energies (based on
of our calculations. In Table 4 the absorption band maxima orbital energy differences) of the dominant configurations of
reported for some di- and trimethylnaphthalenes are shown alongthe excited states (the transition#5 is also included). This
with our ZINDO/S results. information appears in Figures 5 and 6.
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TABLE 3: ZINDO/S Excited States of Naphthalene Using Various Energy Criteria for the Selection of the Singly Excited
Configurations

MEE? (eV) 9.0 9.5 10.0 10.5 11.0 11.5 12.0
no. conp 7 11 11 17 23 29 41
AE (f)° 3.31(0.002) 3.31(0.002) 3.31(0.002) 3.31(0.002) 3.31(0.002) 3.30 (0.004) 3.30 (0.004)
(in em-2)
3.89 (0.501) 3.75(0.185) 3.75(0.185) 3.75 (0.185) 3.75(0.185) 3.75(0.185) 3.74 (0.163)
4.64 (2.068) 4.64 (2.068) 4.64 (2.068) 4.62 4.53 453 4.46
4.64 4.64 4.64 (2.068) 4.62 4.60 (1.968) 4.60 (1.968)
4.95 (0.932) 4.95 (0.932) 4.89 4.64 (2.068) 4.62 4.62
4.95 (0.932) 4.95 (0.932) 4.95 (0.932) 4.91 (0.676)
5.23 5.09 5.09 5.05
5.23 5.23 5.23
MEE? (eV) 13.0 14.0 15.0 16.0 15—-15 20—2¢¢
no. conp 63 85 123 171 451 801
AE (f)° 3.26 (0.006) 3.22 (0.003) 3.21(0.003) 3.21 (0.003) 3.21(0.003) 3.21 (0.004)
(in em-2)
3.72(0.162) 3.72 (0.161) 3.71(0.163) 3.70 (0.164) 3.65 (0.183) 3.53 (0.176)
4.46 4.46 4.46 4.46 4.41 (1.711) 4.33(1.723)
4.60 (1.956) 4.60 (1.966) 4.54 (1.837) 4.53 (1.833) 4.46 4.43
4.62 4.62 4.62 4.61 4.53 4.45
4.91 (0.676) 4.91 (0.677) 4.86 (0.646) 4.86 (0.643) 4.71 (0.623) 4.61 (0.630)
5.05 4.98 4.98 4.94 4.92 491
5.22 5.22 5.22 5.21 5.09 5.01

aMaximum excitation energy’. Number of configurations consideret. is intensity.9 Occupied and unoccupied MOs included in the production
of singly excited determinants.

TABLE 4: Absorption Band Maxima of Some Di- and

e HLIHAL
Trimethylnaphthalenes: ZINDO/S Calculations and e
Experimental Results iy i
360 o —+—H141
calculated experimental oy —
0 J—
substitution  compound A (nmy fe Amax(NM)  loge e -
aa 1,4-dmt 286 0217 289  3.88 1.
1,5-dmn 280 0.218 287 3.96 300 "
1,8-dmn 283 0.226 285 3.85 1 e
aff 1,2-dmn 275 0.157 285 3.77 >
1,3-dmn 278 0.176 283 3.78 Mmool
1,6-dmn 278 0.173 281 3.80 R
1,7-dmn 280 0.185 280 3.80 20 et ’;,4‘
BB 2,3-dmn 275 0.126 278 3.71 ml - /‘/:/.Atjzlx .
2,6-dmn 274 0.149 274 3.67 e
2,7-dmn 276  0.130 275 3.69 w] e
aoo 1,4,5-tmR 291 0.251 292 3.90 —
aaf 1,4,6-tmn 287  0.202 290 3.82 e L
(Xﬁﬁ 1,3,6-tmn 279 0.149 284 3.70 Compound Label
B 2,3,5-tmn 280 0.150 283 3.87 Figure 3. Displacement of the calculated transitions of the methylated
afp 1,3,7-tmn 281 0.178 280 3.74 series of naphthalenes.
BBB 2,3,6-tmn 277 0.116

a dmn= dimethylnaphthalene.tmn = trimethylnaphthalenet. H—
L transition.® Reference 9a,b,df is intensity.

(2) (b)

and of Askew on methylphenanthrerf&€sThe greatest batho-
chromic change is obtained in the long-wavelength bands of
the spectra, as reported from experiméfits.

In these substituents all C atoms havé Isgbridization. The
atom connected to the naphthalene ring is linked to &nCsp
atom. The latter is more electronegative than the former because
the “s” content in sp hybrid orbitals is higher than in gp
orbitals. Hence, a positive inductive effect transfers electronic
density from the substituents to the ring, increasing the energy
of the MOs and destabilizing the molecule from a kinetic point
of view; e.g., reactivity toward electrophilic aromatic substitution

The composition of the calculated CIS states for all the reactions is increased.
compounds studied is basically the same as that obtained for As can be seen from Figures 5a and 6a, the energy of the
naphthalene, although there are some differences in position,occupied MOs (H, H1, and H2) increases with the number of
intensity, and CIS coefficients, as expected. This situation made substituents. The unoccupied MOs L, L1, and L2 (of
possible the comparative study of the excited states of naph-symmetry) also increase in energy but not by as much as the
thalene upon substitution. occupied orbitals, and L4 and L5 (unoccupied MOs wof

As the number of substituent alkyl groups increases, there is symmetry) show a slight decrease in energy.

a general shift toward longer wavelengths, in accordance with  As a consequence of the changes produced in the energy of
observations of Mosl#§ and LaszI& on methylnaphthalenes the MOs of these molecules with an increase in the number of

a a 5 4
Figure 2. Substitution positions in naphthalene.
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0 Figure 6. Orbital (a) and transition energies (b) of the reduced series
T T T T T T T T T of naphthalenes.
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Compound Label . ) . .
transition energies are analyzed (Figures 5b and 6b). Transitions
(b) oot from H and H2 show very little change in energy, while a much
:;:E’ii; greater decrease in energy is obtained for transitions from H1.
6] St This is very important because it could be possible to determine
T~ i::E‘t% from some absorption bands if position 2 or 6 is alkylated even
11.0 o —— . o . .
b - \'\_\ in molecules with different numbers of alkyl substituents, e.g.,
s ] \f,\\f:><;§‘ T 2,6,7-trimethylnaphthalene (equivalent to 2,3,6-trimethylnaph-
g o0 "~ T, - S thalene) and 2,7-dimethylnaphthalene (see the calculated transi-
Y ‘\‘>Q<f7 ‘Qf\,.k‘ . . . . .
5 g5 — T : tions in Table 4). This situation corroborates the fact that the
v o \§<\\ T strength of the electronic interaction between a substituent and
o .0 —_— x- . . . .
= . v T —e— the aromatic ring, as well as the perturbation of MOs, is very
50— e dependent on the position being substitlftet.
.k I TTe— — Another important observation is the difference found be-
= o o ) tweenl 7 andl 4 (Figure 4). It is expected that the wavelengths
2o - of 1,7 will be smaller (following the trends noted above) or
h T T T T T T T T T . .
A B a o & F 6 ‘ equal (since they have the same number of substituents on the

Compound Label

naphthalene ring) to the values obtained fp4. The only
Figure 5. Orbital (a) and transition energies (b) of the methylated stryctural difference between these compounds is the planarity
series of naphthalenes. of the aromatic area. Four dihedral angles can be defined to
substituents (Figures 5a and 6a), the energy of the electroniccharacterize the coplanarity (or noncoplanarity) of the fused
transitions decreases (Figures 5b and 6b) and bathochromiaings in naphthalene. These angles and their absolute values
displacements of the calculated YVisible bands are obtained for the reduced series of compounds are displayed in Table 5.
(Figures 3 and 4). All the methylated naphthalenes included in this study are
In the methylated series, it can also be seen (Figure 3) thatassumed to be planar. From these results it can be inferred that
the addition of methyl groups to positions 2 and 6 provokes the contrasting distortion from planarity in7 (maximum of
less pronounced (or almost zero) red shifts in those states wherel 7°) is the cause of the “anomalous” (higher than expected)
H and H2 are the only dominant initial MOs (transitions-H, wavelength values. Ih7 orbital energies of occupied MOs are
H—L2, H—L4, and H2-L). Something similar occurs in the higher than inl ;4 and the overall effect causes the reduction of
reduced series (Figure 4) when position 6 is occupied (when the transition energy values and CIS energies. It seems that the
going fromF, to G;). The same situation is observed when the presence of the alkyl bridge between the fused rings in
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TABLE 5: Dihedral Angles d (in Degrees) of the Optimized E—EYIY
Structures of the Reduced Series T Hiorew
b d E:E:H{E/HH.
a ¢ e 340 oot
Qo o
f i 320
h ™
g 1
20
label C1 D1 E1 F G H3 7 |4 —_— . L
d(ab,c,d) 179.7 179.2 177.4 179.4 178.4 179.2 163.0 176.1 mj

d(b,c,de) 1779 179.2 179.3 178.9 176.8 176.6 169.0 172.9 *Mm

d(f,g,h,i) 179.3 178.6 177.5 1795 176.7 173.2 172.9 174.0 1
d(g,h,i,j) 179.3 179.8 178.9 1756 1755 167.3 178.7 175.0
i I S
e HUHIL T, 3 3= $ P —
- a{%’ﬁ“ 2 ;7‘x§g,<;>i§k£;>x4;
"o Hi2 — x ee—
:;::‘51 20 7/1 T T T T T T T
—w— H2L E1 Ern Er' E2 ErR E2 E3 ER EQ
204 .,/-/—'/'\_/' — T Compound Label
—=— HLIHIL
300 Ny
.‘ —a— HH{2H241
—v—HL2
. . -, —— HLIH1L
m{ e e T o -- E‘Z‘ -
260 . ' _\./,.\1/_l,./ \
A(rm) 320
240 < 20 4 .
—_— A —
. A ——— . . g -
20 '777.<:":7—<v\’:7l = e o] '\./ \.\././
| i=—— o< = — P
200 x ~ x/ . i
0'1 CI é C' CIS ‘C‘ T T T T
r 7] 3 D1 DAl D02 b2 240 v
Compound Label . A ‘A\A:A’A—: f\'
i i iti e —— >,
Figure 7. Displacement of the calculated transitions of the se@les R . < R X x .k
andD. ‘Z;bl :,-\< . : )
w] * - —
naphthalene (in,4) equilibrates the tensions provoked by the & Ew & E5 6 e & t7 68 e
six-member rings and favors a more planar conformation of Compound Label

the aromatic skeleton. In cases where greater distortions fromFigure 8. Displacement of the calculated transitions of the seffies
planarity are obtained, greater differences between the positions

of the UV—visible bands should be found. This will be discussed TABLE 6: Dihedral Angles d (in Degrees) of the Optimized
. . Structures of the Reduced Series C, D, and E
further in the next section.

2.2. Comparison of the Effects of Methyl and Reduced b .
SubstituentsTo compare the effects of methyl and reduced 2 ¢
substituents on the excited states of naphthalene, the absorption @@ I
spectra of all possible reduced derivatives with two, three, and 1 by
four substituents on the aromatic ring, as well as their methylated
analogues, were calculated. label C1 C2 C3 D1 D2 El1 El E2

The wavelengths of the calculated bands are shown in Figuresqa b c,d) 179.7 179.9 179.7 179.2 179.7 177.4 178.9 179.8
7 and 8. The values of the dihedral angles that define the fusiond(b,c,d,e) 177.9 180.0 179.7 179.2 177.2 179.3 177.8 175.7
of the benzene rings in naphthalene are shown in Table 6.  d(f.g,h,i) 179.3 179.8 179.8 178.6 179.1 177.5 178.9 179.9

It can be seen from the seri€s D, andE (in the methylated ~ d(@h.ij) 179.3 179.9 179.8 179.8 179.1 178.9 177.8 1785
and reduced derivatives) that an increase in the number of label E2 E3 E3 E4 E5 E6 E7 ES8

substituents leads to longer wavelengths, especially in thoscd( bod) 1796 1773 1600 1793 1798 1798 1797 179.9
. ; P a,b,c, . . . . . . . :
transitions where H and H2 are the only dominant initial MOs, dbcde) 177.6 177.3 169.0 177.7 1767 177.4 179.8 179.8

e.g., in the 0rde|C2, C1, C3, with their reSpeCtiVe reduced d(f,g,h,|) 179.4 178.0 177.7 179.4 176.7 178.9 179.8 179.9

derivatives, also fronD1 to D2, and in the ordeE7, E4, E5, d(g,h,ij 179.0 178.0 177.7 179.8 179.9 178.9 179.8 179.9

E6 to E8. This situation has been experimentally observed for

methylnaphthaleneé®,and it has been explained in terms of the energy and that the transition energies also are smaller. However,

conjugating powe# of the various positions. there are no significant differences or trends in the wavelengths
When an energy cutoff is used to determine the number of of methylated and reduced derivatives in these series (Figures

configurations to include, the smaller the difference in energy 7 and 8). It shows us that there are no major shifts of the energies

between the occupied and virtual orbitals, the greater the numberof the # MOs and that thex MOs become closer in energy

of configurations that will be considered important. The excited because of the presence of reduced substituents. Moreover, small

states of the reduced compounds of the setieB, andE are distortions from planarity are observed in the reduced molecules
calculated with more configurations than their methylated (Table 6), especially in the seri€andD (maximum distortion
analogues, using the same energy criterion (MEE3 eV). It of 2.8°). In the molecules with greater distortioE,5 (3.3°),

could be expected that the MOs in the former are closer in E;2 (4.3°), andE;3' (11°), longer wavelengths are obtained in
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most of the calculated transitions (although the differences are

—o— HLUHIL
small). The greater the distortion, the greater the red shift of :.:’JEMU
the calculated bands. e ML
In those cases where a reduced cycle forms a bridge between 30 [ .
the fused benzene rings (e.G:3, D;2, E.2, E;3, E,6, andE;8), w] — L
the wavelengths are slightly shorter than in the methylated R
analogues. I8 the change is greater because reduced cycles a0
are present in both bridge positions.HB? this situation is not -
observed perhaps because of the slight distortion from planarity. ”“j _
The wavelengths of the reduced analogues of the same wm x|
methylated compound, with more cyclds 1, E,2), are longer
than the wavelengths of their partneis ' E,2'). ForE,3 and 2‘*’] R
E:3' this situation is inverted because of the distortion from wol * = e
planarity observed it 3' (11°). e
For the reduced molecules with two, three, and four substit- 20 ié;;::?‘ —
uents significant distortions from planarity are not observed T T T i A e
(except forE,3" where up to 11 of distortion is obtained). To Compound Label
explore the possible relationship between the planarity of the
substituted naphthalene skeleton and the bathochromic displace- Ei;ﬁﬁ:ﬂ
ment of the calculated U¥visible bands upon substitution, it
derivatives with seven and eight substituents (setiesnd|) . Ei—iEﬁ%
were studied. The greater the number of methyl groups, the . - s I —
greater the number of reduced analogues that can be found. 40+ T —
Moreover, the greater the number of reduced substituents, the mj
greater the probability of distortion from planarity of the 1 o
aromatic skeleton. Only a subset of all possible reduced ©y
compounds with seven and eight substituents was examined. It 0
is expected that the degree of distortion will depend on the *™ ]
number and positions of the reduced substituents present. = . . .
The calculated transitions for the serlegH1 andH2) and 260 4 :;74174‘
| are shown in Figures 9 and 11. Orbital energies are displayed 2 ] é\,éigi—’:—jirdi
in Figures 10 and 12. Dihedral angles that define the degree of ) S
planarity of the naphthalene center and the distances between 1 o -

the farthest points in naphthalene (another criterion to measure e Hrs H H® Ho Hrio
distortion from planarity) are reported in Table 7. . . Gompound Lavel -
Compounds of the serié$1, H2, and! are labeled from the Figure 9. Displacement of the calculated transitions of the seties
shortest to the'longest wavelengths. The geometrical pa}rameters In some of these compounds (e.Hx9, 1,5, 1,6, 1,9, etc.)
that charac_terlze the degree of planarlt_y of t_he aromatic centery,q composition of some of the CIS states is slightly changed.
show that, in general, the greater the distortion, the greater thene,y configurations become dominant, making the selection of
red shift of the calculated transitions. the transitions to be followed difficult. This could be a reason
Deviations of the dihedral angles far from the planar value for the nonuniform change in the displacement of some excited
of 180° or values of the distances between the farthest points states. The most intense excited states in naphthalene (usually
in naphthalene smaller than those found in the methylated the most intense excited states of the substituted compounds),
analoguesHl1, H2, andl) are measures of the distortion from e  the first, second, fourth, and sixth transitions, increase in
planarity of these compounds. There are cases where theyayelength (decrease in energy) with increasing distortion from
comparison of the distortions is not evident, but in general, planarity. To find an explanation for this situation, the ground
greater distortions are accompanied by greater bathochromicstates of the molecules of seriglsand| were examined.
displacements and higher energies of the occupied orbitals. To compare the thermodynamic stability of different mol-
The biggest wavelength changes are found in the seri@s  ecules, their total energies must be compared. But this com-
expected, since all available positions in naphthalene are parison is only correct when considering molecules with the
occupied and greater distortions are possible. Bathochromicsame type and number of atoms, that is, isomers. In the series
displacements of up to 35 nm (0.2/ 1) were calculated for ~ H and | there are three sets of isomers, without mixing
the most affected transition of the compound with the greatest molecules of different series. These btd/H,8/H,9, H,2/H, 10,
distortion. andl,1/1,3. Their total energies as calculated by MOPAC (AM1)
Another important observation is that greater distortions are and HyperChem (ZINDO/S) are reported in Table 8. Although
obtained in those molecules where a maximum of one reducedZINDO/S is not a method designed to obtain ground-state
ring is located in the bridge positions. Reduced substituents in energies, we have decided to include these values in order to
the bridge positions lead to less distortion of the aromatic show that the AM1 order of stability is also reproduced at the
backbone of the molecule, resulting in shorter wavelengths in ZINDO/S level.
comparison with compounds that have reduced groups in other AM1 and ZINDO/S results are in agreement. Both show that
positions. The loss of planarity could be a consequence of thethe greater the distortion from planarity, the higher the ground-
torsional strain in the reduced substituents. The instability state energy of these molecules. This increase in ground-state
provoked by strained substituents is not compensated for byenergy is a consequence of the higher orbital energies of the
the stability of a completely planar system. occupied orbitals.
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40 Figure 12. Orbital energies of the serig¢s
* - TABLE 7: Dihedral Angles d (in Degrees) and Distances
2] . (in Angstroms) of the Optimized Structures of the Series H
and |
3
3 °7 b d
g —_— . . f AN j
5 g i
8.0 - e —— e ———
I . label H1 H/1 H,2 H:3 H:4 H:5
d(a,b,c,d) 180.0 177.7 179.7 179.2 174.4  176.3
S - - - - - db,cde) 180.0 1785 177.7 176.6 171.9 170.7
Compound Label d(f,g,h,i) 180.0 177.7 175.4 173.2 166.2 160.1
Figure 10. Orbital energies of the serigs. dg.h.i.j) 180.0 1779 1778 1746 1673 1727
r(a,) 5100 5.079 5.079 5.081 5.073 5.055
— rf.e) 5118 5.084 5083 5092 5082 5.084
ZoThHe
Bt label H2  H6 H7 H8 H9 HI0
20 Y ) da,b,c,d) 180.0 179.1 1784 178.6 176.0 1735
“x_H2L /./ d(b,c,d,e) 180.0 177.8 177.6 170.7 173.2 178.1
%0+ P d(f.g,hi) 1800 1772 1764 163.0 1640 169.4
o] T— d(g,h,ij 1800 1789 1755 1753 169.7 163.9
r(a,) 5085 5.070 5.069 5.044 5.053 5.068
3201 . r(f,e) 5122 5088 5.084 5085 5.083 5.073
I label | 1 12 13 I4
280 d(a,b,c,d) 180.0 179.0 176.9 176.4 176.1
U d(b,c,d,e) 180.0 179.0 176.8 176.1 172.9
01 ///J// — d(f,g,h,i) 180.0 179.0 174.7 176.2 174.0
o] T e d(g;h,i,j) 180.0 179.0 174.7 176.3 175.8
71— . o« S . M .
. P r(a.j) 5.125 5.093 5.091 5.082 5.078
e — r(f.e) 5.121 5.093 5.091 5.092 5.088
T T T -1 T T T T T T
| n 2 (<] Ir4 ] [ I’7 I8 [:°] Iabel |r5 |r6 |r7 |r8 Irg

Compound Label

; ; - ; d(a,b,c,d) 161.7 159.4 163.0 154.3 163.0
Figure 11. Displacement of the calculated transitions of the sdries d(b.c.d.e) 1701 1711 1690 175.8 163.0

d(f,g,h.i) 179.9 178.1 172.9 175.8 163.0

Since the energy difference between the ground and excited d(g.h.i.j) 174.6 177.1 178.7 154.3 163.0

states becomes smaller with greater distortions from planarity r(a.) 5.081 5.084 5.072 5.070 5.025

(UV—visible bands are displaced to longer wavelengths) and "("€) 5088 5066 5079 4986  5.025
since it has been shown that the ground-state energy increaseg., - -lusions

with distortion, it can be inferred that excited states do not

increase in energy relative to the ground state as a consequence The effects of methyl and reduced-ring substituents on the
of the distortion from planarity. electronic excited states of naphthalene have been studied at a

. N L .. semiempirical level. Successive addition of alkyl substituents
From the calculations presented in this section it can be said on naphthalene leads to bathochromic displacements of its UV
that distortions from.planarity of the aromatic.center (.due 0 \isible bands because of the greater increase of energy of the
the number and position of the reduced substituents) increaseyccypied MOs relative to the unoccupied orbitals. The red shifts
the ground-state energy of the naphthalene derivatives more tharyf these bands are a consequence of a relative destabilization
the corresponding excited states. This is translated into batho-of the ground state with respect to the excited states. This slow
chromic displacements of their UWisible bands with respect  and steady increase in wavelength with the number of substit-
to the position of the corresponding bands of other nondistorted uents may help to distinguish between a long alkyl chain at

derivatives. one position and several short alkyl substituents.
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