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Ab Initio Calculation of 8Br Nuclear Quadrupole Resonance Transition Frequencies for
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Brominated aromatics, used extensively as flame retardants, have been studi&8miticlear quadrupole
resonance (NQR) spectroscopy. NQR requires lengthy frequency searches bBBBaus®R transition
frequencies in brominated aromatics are spread over a wide (40 MHz) range. We investigate the ability of ab
initio calculations to narrow this search range by predicifgy NQR transition frequencies for a series of
brominated aromatics, using restricted HartrEeck (RHF) and Becke’s three-parameter t&@ang—Parr

density functional theory hybrid method (B3LYP). Basis sets used are of double anditdplality with

varying degrees of polarization included on bromine. Geometries are the isolated molecules, with coordinates
optimized for lowest energy. The results of calculations for nine simple brominated aromatics are fit against
experimental frequencies and the fit is subsequently used to predict frequencies of larger, two-ring brominated
aromatics (one is sold commercially as a flame retardant). Comparison to experiment shows the accuracy of
this approach to be approximately 5 MHz, reflecting a significant, 8-fold decrease in the spectral range to be
searched by experiment.

Introduction In their solid-phase brominated aromatics are molecular
) ) ) crystals. While solid-phase calculations are possible by including
The use of quantum chemical calculations to interpret nuclear e fyll-crystal structure, this limits one to systems with known
magnetic resonance (NMR), nuclear quadrupole resonancesictures. Few structures are available because heavily bromi-
(NQR), and gas-phase microwave spectra has arich histsty.  nated aromatics as a class tend to be difficult to crystallize. In
Recent attention to NMR chemical §h|ft calculations dgmon- addition, computer memory requirements for solid-phase cal-
strates a renewed interest for calculation of NMR propetties.  cyjations are currently beyond our resources, due primarily to
Less attention has been focused on calculation of NQR transitionipe large number of bromine atoms and the short hydregen

frequencies, despite the widespread use of NQR spectroscopyyromine distances typically found in commercial flame retar-

in the study of materials containiffgl,'>"1" 10,1718 ZAl, 14N, 17 dants. The prediction of solid-phase NQR transition frequencies
®SCUPSCU 920 XNb 2t 32C,20.22.23 20B 20 2Na ! and®Br.22¢ —qing gas-phase calculations is thus an area that needs explora-
Of particular interest in this work are brominated aromatics, tjon, Calculations of‘Br NQR spectral parameters and transition
including flame retardants, recently studied BBr NQR frequencies via electric field gradient (EFG) calculations for

spectroscop§! High-impact polystyrene (HIPS), used in manu- - small molecules now use larger, more complete basis sets and
facturing computer monitors, televisions, and business andinclude electron correlation, scalar-relativistic corrections, and
electrical equipment, is made less flammable by the inclusion y;prational and spirorbit coupling effect@8-35 For small

of up to 30% by mass brominated aromatic§Br NQR spectra  mplecules, good correlations with experiment are being made
are used to measure flame retardant dispersion in HIPS. Theysing doublez basis sets including polarizatidfr 30 Gas-phase
major obstacle foP'Br NQR is the exceedingly wide spectral  microwave and solid-phase NQR frequencies typically differ
range—over 40 MHz for brominated aromatics! For instance, py |ess than 10% (for instance, the value ofq,.Q(!Br)/h
sweeps of only 3 MHz can take 6 h, even with an automatically (mHz) for gas phase is 8.5% higher than solid phase for methyl
tuned NQR probe. There is clearly a need for a predictive pajided® and 6.9% higher for bromobenzéfe In addition,

method for¥Br NQR transition frequencies. intermolecular interactions in the solid phase lead to splittings
Prior to this work, the only existing predictive model for of transition frequencies that would be expected in more
81Br transition frequencies was based on Hammethlues?*2° symmetric, gas-phase molecules. These splittings are small

These values relate the acidity of benzoic acid and substitutedcompared to the differences between different types of bromi-
phenyl compounds to NQR transition frequencies, upon the nated aromatics. Thus, there are two aspects that require
premise that electronic effects of a substituent in one systeminvestigation: (1) can gas-phase calculations reproduce experi-
are proportional to the electronic effects in another. While this mental trends and narrow the frequency search range for
model is useful for lightly meta- and para-substituted aromatics, experimental work and (2) can gas-phase calculations be used
it fails for heavily brominated flame retardants due to two issues to predict the splittings of frequencies seen in the solid-phase.
related to ortho substituents: a lack@parameters for ortho  In this work, we investigate (1) and leave (2) for future work.
substituents and steric effects not included in the Hammett |n this paper, we report the first ab initio calculation$tgr

model?’ NQR transition frequencies of brominated aromatics. These
calculations are the first on large Br-containing molecules and
*To whom correspondence should be addressed. the first on a commercially available flame retardant. We present
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B mophenoxy)-2,3,4,5,6-pentabromobenzene (flame retardant, tradename
Figure 1. Simple brominated aromatics:1)( 4-bromoanaline; ) Saytex 102); 11) truncated version ofl0; (12) 1-bromo-4-(4-bro-
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bromobenzene3] 1,4-dibromobenzene) 1,3-dibromobenzeneb)
1,3,5-tribromobenzene;6) 1,2-dibromobenzene;7) 1,2,4,5-tetra-
bromobenzene;8) hexabromobenzene; an8)(3,4,5,6-tetrabromo-
phthalic anhydride (flame retardant, tradename Saytex RB-49).

TABLE 1: Basis Sets

mophenoxy)benzenel) truncated version ot2.

tion. For both the double- and triplebasis sets, polarization
functions were added to bromine’s basis set while the other
atoms’ basis sets remained unchanged. Mixed basis sets were
chosen because the majority of the EFG is Iie®land some

Br H,C,N, O basis sets are not available for Br. Sadlej's pVi28 basis
level notatiod ref sourcé notatiod reff sourcé set, which is available for Br, was not used due to convergence
double zeta DZV 51 23 631G 52 23 difficulties for these molecules. Geometry optimization and

81Br frequency calculation were performed using the same basis
set and level of theory. EFG tensors were evaluated at Br in
the optimized geometry. Then, EFG tensors were converted into
the 81Br v(£Y, — 49/,) transition frequencies using the
following relation24.11

Dzv(d) 51 43 6-31G 52 43
Dzv(df) 51 43 6-31G 52 43
triple zeta  TZV 53 54 TZV 55 43
TZV(df) 53 54 TZV 55 43

2 The polarization groups are explicitly shown in parenthesgef
refers to the original work for a basis set while source refers to where

the explicit form was obtained. 1/(:|:1/2 — :|:3/2) = (ezqZ ZQ(SlBr)/Zh)(l + (7]2)/3)1/2

calculations of'Br NQR transition frequencies for a series of Q(®'Br), the quadrupole moment for tHéBr nucleus, is 2.76
simple brominated aromatics and predict absolute frequencies(4) x 10729 m27.24eiis the charge of an electroh,is Plank’s

of Brin Iarger brominated aromatics by flttlng calculations to Constantqzz is the |argest Component’ awds the asymmetry
experiments. parameter of the diagonal EFG tensor. It is defineg &s(|qyy|

— |0wl)/|9z4. We follow the convention of ordering the
eigenvalues of the traceless EFG tensor by absolute value such
that |04 = |gy| = |g«l. Conversion ofg,, from atomic units

First, 8Br NQR frequencies were calculated for the nine (and GAMESS sign convention) to MHz used the relation:
simple brominated aromatics shown in Figure 1. They were

studied as isolated, gas-phase molecules. An initial geometry 2 81 _ : ;
was generated using the SYBYL force field molecular mechan- €6, Q("BN/h (MH2) = g, (atomic units)
ics routine in Spartaf? This was followed by a symmetry
constrained, ab initio optimization in Cartesian coordinates using o . . )
GAMESS3 or Gaussian92* The restricted HartreeFock . The pred|ct|ye ablllt.y of gas-phase cqlculatlons was inves-
(RHF) and Becke's three-parameter Eeéang—Parr density tigated t_)y using a linear fit of experimental, _sohd-phase_
functional theory hybrid method (B3LYP) methods were applied Tequencies to the calculated, gas-phase frequencies for the nine
using the five basis set combinations shown in Table 1. PreviousSIMPle brominated aromatic molecules shown in Figure 1. The
calculations of EFGs for small molecules have correlated well

Method

(—64.85 MHz/auj*

its were used to predict the frequencies of 1-(2,3,4,5,6-

with experiment. These calculations typically used a rather low PeNtabromophenoxy)-2,3,4,5,6-pentabromobenzene (Saytex 102)
level of theory (RHF) and relatively small basis sets (double- and 1-bromc_>-4-(4-bromophenoxy)benzene. These are molecules
+ polarization). While trends among molecules can be repro- 10 and 1,2 in Figure 2, both recently ,StUd'edLO is sold
duced, absolute errors are about 10%: in the case of brominatef®mmercially as a flame retardant abd is used as a model
aromatics, this would lead to errors of 280 MHz, which is or flame retardant dispers&.CPU time considerations pre-

too large to be of practical value. The are no EFG calculations VENted calculations of0 itself, forcing us to use a truncated
of large bromine-containing molecules, so it is unknown if small vers!on,ll..For.12, both the entire molecule and a truncated
basis sets and RHF can accurately reproduce the experimentaYesion @3 in Figure 2) were studied. The comparison of the
trends. In light of these observations, we decided to undertake€Sults 0f12 and 13 was used to assess the relevance of the
a systematic study of basis sets and levels of theory, within the results from11

bounds of our computer resources. Hence, we investigated bothResuItS and Discussion

double- and triples basis sets (with and without polarization)

and RHF and B3LYP levels of theory. More accurate ways of  The calculated and measur@Br NQR transition frequencies
including correlation, such as CI, were beyond the ability of of all molecules are listed in Table 2 and Table 3. As necessary,
our computer resources. The smaller basis sets are advantageoubke experimental frequencies are averaged over multiple lattice
because calculations are faster, but are potentially less accuratsites. For example, the average 231.228 MHz is reported for
than larger basis sets. RHF calculations do not include correla-1,3,5-tribromobenzene which has three crystallographically
tion, while B3LYP calculations approximately include correla- inequivalent bromine sites with observed transitions at 230.407,
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TABLE 2: Experimentally Observed and Calculated 8Br NQR Transition Frequencies (in MHz) for Simple Brominated
Aromatics

basis set (Table 1)

molecule Dzv DZV(d) DzV/(df) TZV TZV(df)

(Figure 1) expt ref RHF B3LYP RHF B3LYP RHF B3LYP RHF B3LYP RHF B3LYP
1 221.862 56 222.937 228.766 217.862 224.001 232.067 236.428 256.852 260.779 251.287 255.863
2 220.890 57 225119 230.183 219.235 224.818 233.595 237.276 259.583 262.464 253.224 255.176
3 226.490 26 230.394 234546 223.715 228.632 237.694 240.961 264.379 266.464 257.096 258.456
4 231.489a 58 231.638 235.400 224.776 229.385 238.683 241.605 265.583 267.370 258.271 259.275
5 231.228 24 237.424 240.037 229.757 233.504 243.219 245.341 271.005 271.832 262.879 263.042
6 236.019 59 239.863 244.639 232.418 236.465 246.178 247.930 275.381 277.718 266.562 265.878
7 239.701 24 247945 248502 239.573 241.201 252.685 253.202 283.083 281.866 272.954 270.917
8 255.196a 59 263.089 256.440 253.671 252.086 266.847 264.646 301.926 303.526 289.030 283.825

9c¢ 253.080 24 265.822 263.653 255.655 253.750 267.947 263.517 299.880 296.701 290.441 282.125
9’e 254.298 24 271896 268.160 262.168 258.644 273.110 267.940 304.421 299.152 294.799 285.280

a Average of multiple transition®.Average of two observed transitions assigned to this chemical°sitere 9' refers to crystallographic sites
Br-3 and Br-6 and®" to Br-4 and Br-5.

TABLE 3: Experimentally Observed and Calculated 8Br NQR Transition Frequencies (in MHz) for Flame Retardant and
Models

basis set (Table 1)

molecule DzV DZV(d) TZV TZVP

(Figure2)  expt ref ~ RHF  B3LYP RHF  B3LYP RHF  B3LYP RHF  B3LYP RHF  B3LYP
12 228117 24 229123 233.866 222.862 228.158 236.824 240.309 262.831 265.637 256.129 257.933
13 24 227383 232.315 221.449 226798 235478 239.003 261573 264.630 255.135 257.085
11 254.148 24 260.756 258.120 251.946 250.557 264.442 262.346 297.724 293.228 285722 280.677

a Average of multiple transitions.
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Figure 3. RHF calculated'Br NQR frequencies for simple brominated  Figure 4. B3LYP calculated®Br NQR frequencies for simple
aromatics. brominated aromatics.

231.533, and 231.745 MH2.Plots of experimental frequency  These are shown in Table 4. The doublbasis sets have rms
versus calculated frequency for all basis sets are shown for RHFerrors around 10 MHz, while the triple-basis sets have rms
in Figure 3 and B3LYP in Figure 4. Differences in frequencies errors of about 3640 MHz. The maximum errors have a similar
between unoptimized and ab initio optimized structures varied pattern.
nonuniformly between 5 and 10 MHz. Thus, we deemed The trends among the brominated aromatics are well repre-
optimization important and report only the frequencies for the sented by gas-phase calculations, but absolute differences
ab initio optimized structures. All basis sets and levels of theory between calculation and experiment remain. We used a linear
adequately reproduce the experimental trends. Qualitatively, fit of experiment versus calculation to see if calculations,
triple-¢ basis sets give frequencies about 10% higher than combined with a fit, could be used to accurately predict NQR
doubleé basis sets and the polarization functions appear to affect transition frequencies. The values of our fitting parameters (slope
frequencies only quantitatively. The gas-phase frequency for and intercept) as well as the rms and maximum errors are given
1-bromobenzene is 240.034 MHM%our calculations show that  in Table 4. The fits give rms errors less than about 5 MHz. All
double¢ basis sets underestimate this value by aboeti®% basis sets, with the possible exception of DZ, give maximum
and the triple€ basis sets overestimate this value by19%. errors on the order of 5 MHz using either RHF or B3LYP. The
This result, combined with the good reproduction of the trends correlation coefficient shows the frequencies calculated with
among different brominated aromatics, suggests that both doublethe larger basis sets to be very slightly more correlated with
and triple€ basis sets are adequate for brominated aromatics.those from experiment.

As a quantitative measure of the agreement between calcula- We now turn to the predictive ability of the calculations.
tion and experiment, we calculated the rms errors and the Using a linear fit, the?'Br NQR transition frequencies were
maximum error made for each basis set and level of calculation. predicted for a flame retardant and a model for flame retardant



NQR Spectra of Brominated Aromatics J. Phys. Chem. A, Vol. 103, No. 40, 1998091

TABLE 4: Fitting Parameters, Rms Residuals, and Maximum Errors for Calculated and Fitted 8Br NQR Transition
Frequencies for Simple Brominated Aromatics

basis set (see Table 1)
DZV DzV(d) DzV(df) TZV TZV(df)
RHF B3LYP RHF B3LYP RHF B3LYP RHF B3LYP RHF B3LYP
Fitting Parameters

correlation coeff 0.984 0.969 0.983 0.984 0.986 0.989 0.991 0.991 0.987 0.990
slope 1.326 1.022 1.202 0.944 1.136 0.887 1.365 1.198 1.225 0.892
intercept/MHz —70.575 2.763 —49.040 14.438 —20.158 39.664 —45.335 —5.059 —20.616 56.574
Rms residuals/MHz

raw calculation 8.307 9.124 3.970 2.563 12.527 13.039 41.497 41.886 32.844 31.027
linear fit 2.271 3.377 2.366 2.268 2.106 1.836 1.643 1.727 2.026 1.747

Max Error (Calculated- Experimental)/MHz
raw calculation 17.603 13.868 7.876 4.352 18.817 16.386 50.129 48.330 40.507 34.286
linear fit 4069 —7.011 4.599 4.332 3.769 —3.799 —3.714  —3.998 —3.760 —4.228

TABLE 5: Rms Residuals and Maximum Errors for Calculated and Predicted 82Br NQR Transition Frequencies for Flame
Retardant and Models

basis set (Table 1)
DzZV DZV(d) DZV(df) TZV TZV(df)
RHF B3LYP RHF B3LYP RHF B3LYP RHF B3LYP RHF B3LYP
Rms Residuals/MHz

raw calculation 3.882 4.706 5.064 2.209 8.869 10.557 37.520 37.719 28.934 28.472

linear fit 3.306 3.426 3.025 3.175 3.043 2.847 2.846 3.580 3.124 2.881
Max Error (Calculated- Experimental)/MHz

raw calculation 6.608 5.749 —6.668 —3.591 10.294 12.192 43.576 39.080 31.574 29.816

linear fit —-4.191 —4.319 —-3.761 —4.088 —3.713 —3.361 —3.280 —5.064 —4.003 —-3.311

dispersal, moleculeBd and12in Figure 2. Having two aromatic  the similarity between molecules studied here or to some more
rings, both are significantly bigger than most of the simple fundamental reason.

brominated aromatics studied above and shown in Figut@ 1.

is small enough to perform a geometry optimization in a Conclusions

reasonable amount of CPU time, HlA is too large to make
such an exercise practical. As a result, truncated versioh8 of
and12 (11 and13, respectively) were also studied. A compari-
son of the results frorhi2 and13 was made to assess the impact
of truncation. Since the EFG is a local property, it is not
expected that there is a large inter-ring effect in either molecule
(neither is a planar molec#®. Therefore, we truncated both
molecules by the substitution of arOH group for the duplicate
ring. The frequencies for these three calculations are shown in

We calculated the EFG tensors at bromine sites in a series
of simple brominated-aromatic compounds. RHF and B3LYP
calculations using a double- or tripebasis set and the linear
fit prove capable of 5 MHz accuracy. The predictive capability
of the calculations is demonstrated by comparing a prediction
with known experimental frequencies for a commercial flame
retardant and a model for flame retardant dispersal. Calculations
are shown to be a useful tool for experimentalists looking for
an NQR signal over a large range of frequencies. In the present

T%ble. 3'.13 plr0\;ed to be a re?sonable_ reprelsent?]tmriz)f case, the search range has been narrowed from 40 to 5 MHz,
differing in calculated transition requencies by less than 2 MHZ_' allowing a significant reduction in the time required to acquire
As can be seen from the rms and maximum errors reported in 4.

Table 5, the agreement with experiment using the linear fit is
quite good. For RHF and B3LYP with all basis sets agreement experiment. (1) differences between solid- and gas-phase

is within about 5 MHz. _ ~ systems, (2) deficiencies in the description of the electronic
Several comments can be made about the different basis setgystem such as omission of vibrational, spatbit, and scalar-

and levels of theory. Neither the DZV or TZV basis sets give relativistic effects, and (3) the value of the quadrupole moment
better than 510% absolute accuracy when compared to the for 818y 4% Including the intermolecular effects that are present
gas-phase experimental result for 1-bromobenzene, indicatingin the solid brominated aromatics is important, as is demon-
that larger basis sets are needed to obtain convergence on astrated by the splitting of transition frequencies seen in the solids.
absolute scale. However, both DZV and TZV, when used with A simple method of including such effects, developed in a
a linear fit, accurately reproduce the experimental trend, previous papet*was not successful with the molecules studied
indicating that both basis sets are adequate for estimatingin this work. Future work will investigate more systematic
experimental frequencies. Overall, using a linear fit and RHF methods of including intermolecular interactions, such as
with the TZV basis set yields the most accurate results. The representing other molecules in the crystal with point charges.
linear fit with RHF and the DZV basis set is nearly as accurate Calculations that include scalar relativistic and sppnbit effects

and can be used if computational resources are limited. Withoutwere recently performed for HBE.Frequencies calculated from
the linear fit, using B3LYP with the DZV(d) basis set is also that work (using the literature value of the Br quadrupole
fairly accurate, this is probably due to a fortuitous cancellation moment) still differ with those from gas-phase experimental
of errors. When using a linear fit, polarization and correlation frequencie® by as much as 11%. The errors introduced through
(using B3LYP) do not seem to improve the agreement betweenitems 2 and 3 remain unresolved for small diatomic molecules
experiment and calculation. It is unclear whether this is due to and more exact methods remain computationally intractable for

Three items prevent closer agreement of calculations and
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the large molecules we studied. However, the agreement seen (33) Bominaar, E. L.; Guillin, J.; Sawaryn, A.; Trautwein, A. Rhys.

here between predicted and observed frequencies demonstrat

that calculations combined with fits can provide an effective
procedure predicting experimental NQR frequencies.
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