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The inherent difficulty in modeling the energetic character of the B-N dative bond has been investigated
utilizing density functional theory and ab initio methods. The underlying influence of basis set size and
functions, thermal corrections, and basis set superposition error (BSSE) on the predicted binding enthalpy of
ammonia borane (H3B-NH3) and four methyl-substituted ammonia trimethylboranes ((CH3)3B-N(CH3)nH3-n;
n ) 0-3) has been evaluated and compared with experiment. HF, B3LYP, MPW1K, MP2, QCISD, and
QCISD(T) have been utilized with a wide range of Pople and correlation-consistent basis sets, totaling 336
levels of theory. MPW1K, B3LYP, and HF result in less BSSE and converge to binding enthalpies with
fewer basis functions than post-SCF techniques; however, the methods fail to model experimental binding
enthalpies and trends accurately, producing mean absolute deviations (MADs) of 5.1, 10.8, and 16.3 kcal/
mol, respectively. Despite slow convergence, MP2, QCISD, and QCISD(T) using the 6-311++G(3df,2p)
basis set reproduce the experimental binding enthalpy trend and result in lower MADs of 2.2, 2.6, and 0.5
kcal/mol, respectively, when corrected for BSSE and a residual convergence error of ca. 1.3-1.6 kcal/mol.
Accuracy of the predicted binding enthalpy is linked to correct determination of the bond’s dative character
given by charge-transfer frustration,QCTF ) -(∆QN + ∆QB). Frustration gauges the incompleteness of charge
transfer between the donor and the acceptor. The binding enthalpy across ammonia borane and methylated
complexes is correlated to its dative character (R2 ) 0.91), where a more dative bond (less charge-transfer
frustration) results in a weaker binding enthalpy. However, a balance of electronic and steric factors must be
considered to explain trends in experimentally reported binding enthalpies. Dative bond descriptors, such as
bond ionicity and covalency are important in the accurate characterization of the dative bond. The B-N
dative bond in ammonia borane is 65% ionic, moderately strong (-27.5 ( 0.5 kcal/mol), and structurally
flexible on the donor side to relieve steric congestion.

Introduction

The dative bond, also known as the coordinate covalent
bond,1,2 semipolar double bond,3-5 or coordinate link,6,7 has been
less defined and studied as compared to either covalent or ionic
bonds.8-10 Depending upon the field of study, molecular systems
with dative bonds are typically referred to as coordination
compounds,11 Lewis acid-base adducts,12 or electron donor-
acceptor complexes.13-15 Despite the nomenclature, these mo-
lecular systems employ an atypical bonding scheme, where
covalent and ionic potential energy surfaces become close in
energy.16 The wave function for dative bonding is described as

The importance of each bonding term depends upon the ability
of the atomic partners to share electrons as well as D to donate
electrons and A to accept them. It has been reported previously
that the B-N bond strength includes contributions from both
covalent and ionic terms, making trends in bond energies
difficult to predict a priori.17 Thus, a difficult situation results
for the computational treatment of the structure, energetics, and
dynamics of the dative bond, because the employed chemical

theory must simultaneously treat the partial covalent and ionic
contributions accurately without compensation of errors.

To date, the binding energetics for ammonia borane, H3B-
NH3, a well-known prototype of the dative bond,3 have not been
directly measured by experiment. As a result of the computa-
tional challenge in modeling both the covalent and the ionic
character of the dative bond, the predicted binding energetics
vary widely.3,18-25 Table 1 is a noncomprehensive summary of
the predicted binding energetics reported using different levels
of theory with and without basis set superposition error (BSSE)
and thermal corrections.

To the best of our knowledge, there exists two estimates of
the H3B-NH3 binding enthalpy derived indirectly from experi-
mental data. The earliest H3B-NH3 binding enthalpy was
provided by Haaland, extrapolated from the experimental
binding enthalpies of seven methylated boranes.3 The estimation
was reproduced (Figure S1 of the Supporting Information) by
using a quadratic fit of the plotted binding enthalpies for
(CH3)3B-N(CH3)nH3-n, n ) 0-3, versus the number of methyl
substituents on nitrogen,n, as done by Brown et al.26 Subse-
quently, a second quadratic equation was fitted to the binding
enthalpies for H3B-N(CH3)nH3-n versus the samex-axis. The
binding enthalpy of H3B-NH3 was taken as the value that
allowed the coefficient of the quadratic term within the two
equations to be equivalent. Haaland’s resulting binding enthalpy
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of ammonia borane is∆H298 ) -31.1( 1.0 kcal/mol.3 Second,
Gurvich et al. used four experimental studies to estimate the
heat of formation (-27.5 ( 3.6 kcal/mol) for H3B-NH3,27

which yields a B-N bond energy of 37.5 kcal/mol. It has been
noted that Gurvich’s estimated heats of formation were based
upon experimental data not firmly established and that the large
uncertainty could yield an inaccurate B-N binding enthalpy.28

Computational predictions of the H3B-NH3 binding enthalpy
are significantly weaker than the Haaland and Gurvich estima-
tions. Predicted binding energies (∆E0, corrected for zero-point
energy (ZPE) at 0 K) are-24.6 kcal/mol from CCSD(T)/aug-
cc-pVTZ,19 -26.5 kcal/mol from MP2/6-311++G(d,p),20 and
-22.7 from CCSD(T)/aug-cc-pVDZ.22 Piela and co-worker’s
enthalpic estimation was determined by computing the binding
enthalpy using MP2/aug-cc-pVDZ supplemented with a 3s3p2d1f
set of functions centered in the middle of the B-N dative bond.
The resulting binding enthalpy at 298 K was-26.5 kcal/mol.
The MP2 binding enthalpy was corrected by adding the
correlation contribution of 0.8 kcal/mol, which is the difference
between CCSD(T) and MP2 binding energies with the aug-cc-
pVDZ basis set. The final estimated binding enthalpy reported
at 298 K was-25.7 ( 2.0 kcal/mol.22

The B-N dative bond has been investigated computationally
in substituted systems as well.18-21,23-25,29-32 In particular, an
investigation critiquing the ability of density functional theory
to model B-N dative bonds accurately has been reported.20

Systematic addition of methyl groups to the donor and acceptor
atoms of ammonia borane revealed increasing error in B3LYP
predicted binding energetics, whereas MP2 provided energetic
trends consistent with experiment.20 Other borate systems
containing B-N dative bonds also have been analyzed in which
B3LYP was unable to model the dative bond.21 Further analysis
showed that CCSD(T) predicted ZPE corrected binding ener-
gies21 compare well with that predicted by MP2.20

The wide range of predicted binding energetics for H3B-
NH3 from -14.3 to-37.5 kcal/mol (Table 1) and the divergence
of predicted binding energetics of substituted ammonia borane
systems are symptomatic of the inherent difficulty in modeling
the dative bond. The obvious variables contributing to the
reported variability include the chemical method and basis set
employed, whether BSSE corrections were implemented, and
if the appropriate thermal corrections were applied to the
electronic energy. Many of the reported studies recognize the
need for one computational factor over another; however, in
many of the reports, the energies were not corrected for BSSE,
even though it is generally recognized that it ranges between 1
and 3 kcal/mol for density functional theory methods20 and

between 3 and 10 kcal/mol for post-SCF methods.21-23,33BSSE
corrections are important, because smaller basis sets are
commonly used to predict the binding energetics of B-N dative
bonds.

Due to the need for accurate computational modeling and
characterization of the dative bond, a systematic computational
approach has been implemented to investigate ammonia borane
and methyl-substituted ammonia trimethylboranes ((CH3)3B-
N(CH3)nH3-n; n ) 0-3). The (CH3)3B-N(CH3)nH3-n com-
plexes have been chosen for analysis rather than H3B-
N(CH3)nH3-n systems, because more prominent effects on
binding enthalpies have been observed.3 The influence of
electron correlation, basis set size, and BSSE have been
considered by performing electronic structure calculations with
a variety of basis sets, quantum chemical methods, and
corrections to identify appropriate levels of theory that describe
the dative bond. The relationship between the accurate prediction
of charge-transfer frustration, ionicity, and covalency and the
structural and energetic characterization of the dative bond has
been evaluated to provide a more comprehensive understanding
of the dative bond. Besides interest in the fundamental chemical
physics of dative bonds,3,15 this approach may be used as a
predictive strategy for the structural and energetic properties of
dative bonds that have important consequences in the fields of
storage and release of hydrogen as a fuel,32,34,35 growth of
uniform coatings on individual filaments for fiber-reinforced
ceramic matrix composites,36-40 and as new oncological,41-43

cardiovascular, and anti-inflammatory drugs.43,44,45-47

Computational Details

All electronic structure calculations were carried out with the
Gaussian 03 program48 using the computational resources at the
Center for Computational Sciences at Duquesne University. Full
electronic structure optimizations (FOPT) on H3B-NH3 were
performed utilizing Hartree-Fock (HF), density functional
theory (DFT), Møller-Plesset second-order perturbation theory
(MP2),49,50 and quadratic configuration interaction with single
and double substitutions (QCISD)51 in the gas phase. Single-
point (SP) energy calculations have been employed utilizing
QCISD incorporating a perturbational treatment of the triples
contribution (QCISD(T))52 on QCISD optimized geometries
utilizing the same basis set as the QCISD optimization. Two
DFT methods have been employed: the Becke three-parameter
exchange functional53 with the nonlocal correlation functional
of Lee, Yang, and Parr (B3LYP)54 and the modified Perdew-
Wang one-parameter model for kinetics (MPW1K).55 The

TABLE 1: Various Binding Energies (BEs) Utilizing Different Methods and Basis Setsa

method BE BSSE method BE BSSE

Haaland’s estimation3 ∆H298 ) -31.1( 1.0 MP2/aug-cc-pVDZ22 ∆E0 ) -23.5b yes
Gurvich’s estimation27 ∆H298 ) -37.5( 3.6 CCSD(T)/aug-cc-pVTZ19 ∆Eelec) -31.1 no
MP2/6-311++G(d,p)20 ∆E0 ) -26.5 no CCSD(T)/aug-cc-pVTZ19 ∆E0 ) -24.6 no
B3LYP/6-311++G(d,p)20 ∆E0 ) -23.5 no B3LYP/6-31G(d)19 ∆Eelec) -32.8 no
MPW1K/6-311++G(d,p)20 ∆E0 ) -28.1 no B3LYP/6-31G(d)19 ∆E0 ) -26.3 no
CCSD(T)/6-311++G(d,p)21 ∆E0 ) -25.5 no G2(MP2)29 ∆E0 ) -26.0 no
Piela’s estimation22 ∆H298) -25.7( 2.0b yes MP2/6-31G(d,p)23 ∆H298 ) -30.0 no
CCSD(T)/aug-cc-pVDZ22 ∆Eelec) -28.5b yes MP2/6-31G(d,p)23 ∆H298 ) -24.1 yes
CCSD(T)/aug-cc-pVDZ22 ∆E0 ) -22.7b yes MP2/TZ2P24 ∆E0 ) -28.3 no
CCSD(T)/aug-cc-pVDZ22 ∆H298) -24.5b yes BLYP/6-31G(d)24 ∆E0 ) -28.5 no
HF/aug-cc-pVDZ22 ∆Eelec) -20.1b yes CCSD(T)/cc-pVTZ24 ∆E0 ) -26.5 no
HF/aug-cc-pVDZ22 ∆E0 ) -14.3b yes MP2/TZ2P17 ∆H298 ) -30.7 no
MP2/aug-cc-pVDZ22 ∆Eelec) -29.3b yes BAC-MP428 ∆H298 ) -31.3 no

a Binding enthalpies,∆H, electronic binding energies,∆Eelec, and ZPE corrected binding energies,∆E0, are reported, indicating whether or not
BSSE was corrected. All values are in kcal/mol.b The aug-cc-pVDZ basis set has been supplemented with diffuse f functions on the boron and
nitrogen atoms and one diffuse d function on each hydrogen atom.
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methods have been combined with 48 Pople basis sets,56-62

ranging from 6-31G(d) to 6-311++G(3d2f,3p2d) and from
Dunning’s cc-pVDZ to aug-cc-pV5Z correlation-consistent basis
sets.63-66 Due to resource issues, FOPTs could not be performed
with QCISD or QCISD(T) with the aug-cc-pV5Z basis set.
Consequently, SP energy calculations were performed with these
levels of theory on MP2/6-311++G(3df,2p) optimized H3B-
NH3 geometries. A total of 336 levels of theory have been
utilized, as shown in Table 2.

For the larger methyl-substituted ammonia boranes, (CH)3B-
NH3, (CH)3B-NH2CH3, (CH)3B-NH(CH3)2, and (CH)3B-
N(CH3)3, geometry optimizations with each of the methods up
to MP2 coupled with the 6-311++G(3df,2p) basis set have been
carried out. SP energy evaluations were conducted with QCISD
and QCISD(T) with the 6-311++G(3df,2p) basis set on the
geometry optimized MP2/6-311++G(3df,2p) structures. Also,
the MP2 method has been employed with the 6-311++G(d,p)
basis set to compare with previously reported ZPE corrected
binding energies.20

All minima have been confirmed by the absence of imaginary
frequencies by vibrational frequency calculations utilizing
B3LYP/6-31G(d). Enthalpy corrections were predicted utilizing
B3LYP/6-31G(d) and scaled by 0.998967 to predict binding
enthalpies at 298 K for the H3B-NH3 adduct. The scaling factor
for computing enthalpies has been noted to be temperature-
dependent.67 Consequently, the scaling factor of 0.9941 has been
interpolated (Figure S2 of the Supporting Information) from the
data reported by Scott and Radom67 to model the remaining
four adducts, for which the experimental binding enthalpies have
been determined at 373 K. The appropriately scaled enthalpy
corrections were then added to the uncorrected electronic energy
predicted at each of the 336 levels of theory to predict the
binding enthalpies at 298 K for H3B-NH3 and at 373 K for
the trimethylboranes. When computing accurate binding ener-
getics, it has been reported that BSSE should be corrected by
utilizing the counterpoise method.22,68-73 Thus, BSSE has been
applied at all levels of theory by utilizing the counterpoise
method developed by Boys and Bernardi.74

Natural bond orbital (NBO) analysis75 was performed using
the NBO 5.G program,76 embedded within the Gaussian 03
program, to predict atomic charges derived from natural
population analysis (NPA).77 Atomic charges derived from NPA
have been successful as effective measures of substituent-
induced pKa shifts within a variety of anilines and phenols, able

to model the pKa shifts better than other charge partitioning
schemes.78 Furthermore, predicted NPA atomic charges were
able to replicate electron density donating and withdrawing
trends within substituted actinide complexes better than other
methods of analysis.79 Last, it was reported that the electrone-
gativity equalization method should be based off atomic charges
derived from the NPA scheme rather than those derived from
other methods.80

All NBO computations have been performed with HF,
B3LYP, MPW1K, and MP2 utilizing the 6-311++G(3df,2p)
basis set on the corresponding optimized H3B-NH3 and methyl-
substituted ammonia trimethylborane structures. Natural reso-
nance theory (NRT)75,81-83 within NBO was employed to predict
the bond order, bond covalencies, and bond ionicities corre-
sponding to the B-N dative bond. NRT allows the determina-
tion of localized resonance structures and their corresponding
weighting factors, expressing the contribution of each structure
to the resonance hybrid. Subsequently, properties of a given
delocalized system may be attained in resonance averaged form.

Results and Discussion

Convergence Rate and Value of B-N Dative Bond
Length. A systematic evaluation of H3B-NH3 bond length
across different chemical methods and basis sets has been carried
out. The rate of bond length convergence as a function of the
number of basis functions and the converged value have been
compared to the reported experimental B-N bond length of
1.658 ( 0.002 Å, determined by microwave spectra of nine
isotopic species of ammonia borane between 308 and 318 K.84

A prior microwave spectra analysis of two isotopic species
determined that the B-N bond length was 1.66( 0.03 Å,85

where assumptions made resulted in a larger standard deviation.
The more recent account performed a full isotopic substitution,
allowing the assumed parameters to be determined directly,
allowing a more accurate B-N bond length to be reported.

Recent computational work has been shown to reach accura-
cies of (0.001 Å in bond lengths.86 High accuracy also has
been achieved by Feller and Peterson by employing high-level
calculations on 68 molecules, including elements from the first
four rows of the periodic table.87 However, such accurate results
are only achieved with a minimum CCSD(T)/aug-cc-pV5Z
quality level of theory, including a complete basis set extrapola-
tion, core/valence and scalar relativistic effects, additional

TABLE 2: Number of Basis Functions Utilized by the Correlation-Consistent and Pople Style Basis Sets for H3B-NH3
a

Pople Basis Sets

(X,Y) 6-31G(X,Y) 6-31+G(X,Y) 6-31++G(X,Y) 6-311G(X,Y) 6-311+G(X,Y) 6-311++G(X,Y)

(d) 42 50 56 54 62 68
(d,p) 60 68 74 72 80 86
(2d,p) 72 80 86 82 90 96
(2d,2p) 90 98 104 100 108 114
(3df,2p) 116 124 130 124 132 138
(3df,pd) 134 142 148 136 144 150
(3df,3pd) 170 178 184 172 180 186
(3d2f,3p2d) 220 228 234 216 224 230

Correlation-Consistent Basis Sets

X cc-pVXZ aug-cc-pVXZ

D 58 100
T 144 230
Q 290 436
5 512 734

a For correlation-consistent basis sets, X designates D, T, Q, or 5. For Pople style basis sets, X and Y designate polarization on all heavy atoms
and hydrogen atoms, respectively.
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corrections accounting for higher order correlation via CCSDTQ,
and second-order spin-orbit effects. These specific calculations
are resource intensive and limited to small systems, such as C2

and O2H.87 However, accuracies of(0.01 Å have been acquired
with CCSD(T)/aug-cc-pVQZ on the G2 collection of mol-
ecules.88 Since the present investigation employs a similar
quality level of theory, a reasonable and expected uncertainty
in the predicted B-N length is 0.01 Å. Consequently, all
computations in this study have been compared to a B-N bond
length of 1.66( 0.01 Å, despite the experimental uncertainty
of (0.002 Å.

The correlation-consistent basis sets,63-66 ranging from cc-
pVDZ to aug-cc-pV5Z, have been used for the geometry
optimization of H3B-NH3, due to the systematic inclusion of
electron correlation and possible extrapolation to the complete
basis set limit.89-91 Convergence was estimated when the change
in bond length between consecutive basis sets was less than 1
× 10-3 Å and for all subsequent pairwise comparisons. For each
chemical method utilized, smooth convergence is observed with
and without augmentation, as shown in Figure 1.

A number of important issues arise when considering how
the bond length depends upon the number and type of basis
functions utilized in the basis set. First, the inclusion of diffuse
functions lengthens post-SCF bond lengths for smaller basis sets.
For example, bond lengths modeled from correlation consistent
basis sets with augmentation converge between aug-cc-pVQZ
(436 basis functions) and aug-cc-pV5Z (734 basis functions)
for HF and each DFT method, where the cc-pVXZ basis sets
(no augmentation) converge by 290 basis functions. Second,
DFT and HF need less than half the basis functions to achieve
convergence as compared to post-SCF methods, when augmen-
tation is considered. Third, Hartree-Fock overestimates the
experimental bond length by 0.012 Å, whereas B3LYP, QCISD,
MP2, and MPW1K underestimate experiment by 0.003, 0.011,
0.014, and 0.028 Å, respectively. Thus, all methods using
correlation-consistent basis sets converge within 1% of the
reported experimental value, except MPW1K. The B-N length
predicted by B3LYP is the only method that converges within
the accuracy of 0.01 Å using the correlation-consistent basis
sets. However, bond lengths predicted by HF, QCISD, and MP2
converge outside the experimental uncertainty of(0.002 Å by
0.002, 0.0010, and 0.004 Å, respectively. Importantly, post-
SCF methods converge to shorter B-N bond lengths than those
predicted by experiment. This behavior is anticipated because

the predicted geometries are computed at 0 K, whereas the
experimental values were determined between 308 and 318 K.

Figure 2 displays the B-N dative bond lengths modeled using
Pople style 6-311++G(X,Y) basis sets with different chemical
methods. Predicted lengths by post-SCF methods converge to
a B-N bond length near 150 basis functions (6-311++G(3df,-
pd)), whereas DFT and HF converge earlier at 96 basis functions
(6-311++G(2d,p)). The converged bond lengths for all methods
range between 1.63 and 1.67 Å, which is in good agreement
with experiment.84 The same order in increasing bond length
with Pople basis sets is observed as with the correlation-
consistent basis sets (HF> B3LYP > QCISD > MP2 >
MPW1K). Only B3LYP and QCISD with the 6-311++G(X,Y)
basis sets converge within the accuracy of 0.01 Å. HF and MP2
converge within 0.001 Å of the upper bound error (1.658+
0.002 Å) and 0.003 Å of the lower bound error (1.658- 0.002
Å), respectively. All B-N bond lengths employing the
6-311++G(X,Y) basis sets converged to the bond lengths
predicted by the correlation-consistent basis sets within 0.2%.

The predicted bond lengths (converged and not converged)
by all chemical methods and basis sets utilized in this study
(Figure S3 and Table S1 of the Supporting Information) range
between 1.63 and 1.69 Å, again in good agreement with
experiment.84 There are a few notable points. For example,
double-ú split-valence quality basis sets (i.e., 6-31G(X,Y),
6-31+G(X,Y), and 6-31++G(X,Y)) do not necessarily produce
a converged B-N bond length. In fact, the predicted change in
bond length by DFT methods and HF never converged. Post-
SCF methods also had trouble yielding a converged B-N bond
length for the double-ú basis sets but converged when employing
3df and 3dp polarization functions on the heavy and hydrogen
atoms, respectively.

In general, the quality of the basis set is important to
predicting the B-N bond length. The triple-ú split-valence
quality basis sets (i.e., 6-311G(X,Y), 6-311+G(X,Y), and
6-311++G(X,Y)) yielded converged B-N bond lengths. In
particular, the 6-311++G(X,Y) basis sets converged smoothly
to the bond length yielded by the correlation-consistent basis
sets and were found to be within or near the accuracy of(0.01
Å for most methods employed. In the final assessment, the
6-311++G(3df,pd) and 6-311++G(2d,p) basis sets (150 and
96 basis functions, respectively) or greater are necessary to
ensure a converged B-N dative bond length for post-SCF
methods and DFT or HF methods, respectively.

Figure 1. Convergence behavior of the B-N dative bond length (Å)
vs number of basis functions for HF, B3LYP, MPW1K, MP2, and
QCISD employed with aug-cc-pVXZ (solid line) and cc-pVXZ (dashed
line), where X is D, T, Q, or 5. The correspondence between the number
of basis functions and the basis set is given in Table 2. The light blue
area represents the range of uncertainty for the experimental gas-phase
result of 1.66( 0.01.84

Figure 2. Convergence behavior of the B-N dative bond length (Å)
vs number of basis functions for HF, B3LYP, MPW1K, MP2, and
QCISD employed with the 6-311++G(X,Y) basis sets where X and
Y represent additional polarization functions. The correspondence
between the number of basis functions and the basis set is given in
Table 2. The light blue area represents the range of uncertainty for the
experimental gas-phase result of 1.66( 0.01.84
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Sensitivity of Binding Enthalpy upon B-N Dative Bond
Length. To investigate the energetic sensitivity upon bond
length variation, binding enthalpies determined by MP2/aug-
cc-pVXZ (X ) D, T, and Q) SP energy calculations employed
on the shortest and longest B-N bond lengths across all levels
of theory considered were compared to binding enthalpies
resulting from full geometry optimizations at the MP2/aug-cc-
pVXZ level of theory. MP2 has been chosen due to its accuracy
and efficiency, as discussed later. The longest B-N bond length
of 1.689 Å resulted from HF/6-31G(d), and the shortest of 1.632
Å was located using MPW1K/6-31G(2d,2p). Table 3 displays
the predicted binding enthalpies, B-N dative bond lengths, and
corresponding differences between the higher and the lower
levels of theory. The largest binding enthalpy difference
predicted was 0.2 kcal/mol. Thus, the data indicate that the
predicted B-N bond length variation using different levels of
theory does not account for the wide discrepancy of binding
energies reported in Table 1.

Considering post-SCF methods, the B-N bond length
converges at the 6-311++G(3df,pd) basis set. However, binding
enthalpies converge earlier, as discussed later, at the similar
6-311++G(3df,2p) basis set. The use of 6-311++G(3df,2p)
over 6-311++G(3df,dp) saves 12 basis functions for H3B-
NH3 and 36 for the largest methyl-substituted ammonia trim-
ethylborane considered. Despite the resource savings, FOPTs
remain impractical on the larger methyl-substituted ammonia
trimethylborane structures with available resources utilizing
QCISD and QCISD(T) with either basis set. However, SP
energy evaluations were possible with QCISD and QCISD(T)
using the 6-311++G(3df,2p) basis set with BSSE corrections.
To justify this approach, QCISD SP energy evaluations using
small (aug-cc-pVDZ) to large (6-311++G(3df,2p)) basis sets
on MP2/6-311++G(3df,2p) optimized H3B-NH3 structures
were compared to QCISD/6-311++G(3df,2p) FOPT energies.
As shown in Table 3, there is negligible (<0.1 kcal/mol)
difference between binding enthalpy determined by the QCISD
FOPTs and SPs. Finally, SP energies using QCISD(T) with
different basis sets on QCISD and MP2 optimized structures
were compared. As seen in Table 3, QCISD(T)//QCISD binding
enthalpies differ from QCISD(T)//MP2 values by an insignifi-
cant amount (<0.1 kcal/mol). The data suggest that performing

QCISD and QCISD(T) SP computations on MP2 optimized
structures is a valid approximation to analyze the larger
trimethylboranes. Consequently, energy evaluations were con-
ducted employing the 6-311++G(3df,2p) basis set rather than
6-311++G(3df,pd).

Impact of BSSE upon Binding Enthalpy for H3B-NH3.
The influence of BSSE has been well-documented21-23,33,69-73

but has been inconsistently applied in reports on the dative bond,
as summarized in Table 1. To investigate the impact of this
factor on dative bonding systematically, BSSE has been
determined for each method utilizing the correlation-consistent
basis sets, as shown in Figure 3. In general, the BSSE corrected
binding enthalpies are weaker than those not corrected for BSSE.

Two interesting trends on the BSSE corrected binding
enthalpies are observed. First, cc-pVXZ basis sets result in more
BSSE than the augmented basis sets, especially with smaller
basis sets. Second, post-SCF computations result with increased
BSSE, as compared to DFT and HF. It has been noted previously
that methods incorporating electron correlation result in more
BSSE as compared to HF and DFT methods with smaller basis
sets.21,23,33,73For example with the cc-pVDZ basis set (58 basis
functions), post-SCF methods, DFT, and HF methods incorpo-
rate BSSE on the order of ca. 7.0, 4.5, and 3.5 kcal/mol,
respectively. BSSE is practically eliminated (0.0-0.4 kcal/mol)
with the use of the cc-pV5Z basis set (512 basis functions).
More specifically, BSSE is completely removed for DFT and
HF with the use of the aug-cc-pVTZ basis set (230 basis
functions), whereas aug-cc-pVQZ (436 basis functions) is
needed to eliminate BSSE (0.2-0.4 kcal/mol) for post-SCF
methods. The same trend is seen for the Pople basis sets, where
basis sets lacking diffuse functions incorporate more BSSE than
those that include diffuseness. BSSEs for all basis sets and
methods and the BSSE uncorrected binding enthalpies are
reported in Tables S4 and S2 of the Supporting Information,
respectively. In general, the basis sets typically employed (Table
1) in the evaluation of the dative bond are too small and require
the adjustment for BSSE. However, these smaller basis sets
result in energetics far from convergence.

Convergence of Binding Enthalpy for H3B-NH3 with
BSSE Corrections. The binding enthalpy convergence for
H3B-NH3 was analyzed in the same manner as the bond length.

TABLE 3: BSSE Uncorrected Binding Enthalpies,∆H298 (kcal/mol), Predicted Utilizing Structures from SP and FOPT
Calculationsa

∆H298

SP

∆H298

FOPT
higher level

B-N
FOPT

higher level

B-N
FOPT

lower level ∆B-N ∆∆H298

Longest B-N bond length
MP2/aug-cc-pVDZ//HF/6-31G(d) -26.7 -26.6 1.668 1.689 0.021 0.1
MP2/aug-cc-pVTZ//HF/6-31G(d) -27.6 -27.8 1.652 1.689 0.037 0.2
MP2/aug-cc-pVQZ//HF/6-31G(d) -27.9 -28.1 1.647 1.689 0.042 0.2

Shortest B-N bond length
MP2/aug-cc-pVDZ//MPW1K/6-31G(2d,2p) -26.5 -26.6 1.668 1.632 0.036 0.1
MP2/aug-cc-pVTZ// MPW1K /6-31G(2d,2p) -27.8 -27.8 1.652 1.632 0.020 0.0
MP2/aug-cc-pVQZ// MPW1K /6-31G(2d,2p) -28.1 -28.1 1.647 1.632 0.015 0.0

Justification of QCISD SP
QCISD/aug-cc-pVDZ//MP2/6-311++G(3df,2p) -24.7 -24.6 1.675 1.647 0.028 0.1
QCISD/6-311++G(d,p)//MP2/6-311++G(3df,2p) -26.1 -26.1 1.662 1.647 0.015 0.0
QCISD/6-311++G(3df,2p)//MP2/6-311++G(3df,2p) -26.2 -26.2 1.652 1.647 0.005 0.0

∆H298 ∆H298

Justification of QCISD(T) SP
QCISD(T)/aug-cc-pVDZ//QCISD/aug-cc-pVDZ -25.7 QCISD(T)/aug-cc-pVDZ//MP2/6-311++G(3df,2p) -25.7
QCISD(T)/6-311++G(d,p)//QCISD/6-311++G(d,p) -27.4 QCISD(T)/6-311++G(d,p)//MP2/6-311++G(3df,2p) -27.4
QCISD(T)/6-311++G(3df,2p)//QCISD/6-311++G(3df,2p) -27.4 QCISD(T)/6-311++G(3df,2p)//MP2/6-311++G(3df,2p) -27.5

a Bond lengths and differences are reported in angstroms. Differences in binding enthalpies (∆∆H298) are reported in kcal/mol.
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The rate of binding enthalpy convergence with BSSE corrections
as a function of the number of basis functions has been
determined, and the converged value has been compared to
estimations provided by Haaland (-31.1 ( 1.0 kcal/mol),3

Gurvich (-37.5( 3.6 kcal/mol),27 and Piela (-25.7( 2.0 kcal/
mol).22 The experimental binding enthalpy has not been reported.
Convergence was identified when the change in binding
enthalpy between consecutive basis sets, and for all subsequent
pairwise comparisons, was less than 0.3 kcal/mol. For each
chemical method utilized, smooth convergence is observed for
the correlation-consistent basis sets with and without augmenta-
tion, as shown by Figure 4.

Three important conclusions can be drawn concerning the
predicted BSSE corrected∆H298. First, the inclusion of diffuse
functions is significant for smaller basis set computations, such
as those reported in Table 1. Each method with augmentation
underestimates the converged binding enthalpy by several kcal/
mol up until ca. 225 basis functions. Second, the binding
enthalpy convergence is slower using post-SCF methods as
compared to DFT and HF. For example, MP2, QCISD, and
QCISD(T) binding enthalpies continue to change by 0.2-0.3
kcal/mol between cc-pVQZ and cc-pV5Z with and without
augmentation. Further evaluation using cc-pV6Z is currently
not possible due to resource limitations. In contrast, DFT and

HF converge earlier between cc-pVTZ (144 basis functions)
and aug-cc-pVTZ (230 basis functions). Third, the DFT and
post-SCF binding enthalpy predictions fall between the Piela
and Haaland estimates. As expected, the order of converged
binding enthalpies supports the order of B-N bond lengths.
The weakest to strongest binding enthalpies are HF< B3LYP
< QCISD < QCISD(T) < MP2 < MPW1K. Both HF and
MPW1K are in poor energetic agreement with the previous
estimates. Last, the BSSE corrected∆H298converges to the same
BSSE uncorrected∆H298 for each method.

For Pople basis sets, the convergence of the BSSE corrected
∆H298 has been analyzed using the 6-311++G(X,Y) basis sets,
which is shown by Figure 5. All methods utilizing the
6-311++G(3df,2p) basis set converged to the binding enthalpies
predicted by correlation-consistent basis sets (cc-pVTZ and aug-
cc-pVTZ for DFT and HF), except post-SCF methods. MP2,
QCISD, and QCISD(T) with the 6-311++G(3df,2p) basis set
predict a weaker binding enthalpy than with the aug-cc-pV5Z
basis set by 1.5, 1.3, and 1.6 kcal/mol, respectively. It is found
that the post-SCF predicted BSSE corrected binding enthalpies
converge slowly and do not converge even when the large Pople
basis set is employed. It is assumed that the BSSE corrected
∆H298prediction with post-SCF methods utilizing the 6-311++G-
(X,Y) basis sets will converge eventually to that predicted by
the aug-cc-pV5Z basis set, with increased polarization functions,
as found for the B-N bond lengths. As a consequence, the

Figure 3. BSSE (kcal/mol) for HF, B3LYP, MPW1K, MP2, QCISD, and QCISD(T) utilizing the cc-pVXZ (dashed lines) and aug-cc-pVXZ (solid
lines) basis sets. The BSSE is determined by subtracting the uncorrected∆H298 from the BSSE corrected∆H298. QCISD and QCISD(T) corrections
employed with the aug-cc-pv5z basis set are performed on the MP2/6-311++G(3df,2p) optimized structure.

Figure 4. Predicted binding enthalpies,∆H298 (kcal/mol), for H3B-
NH3 versus basis functions with aug-cc-pVXZ and cc-pVXZ (X) D,
T, Q, and 5) correlation-consistent basis sets for HF, B3LYP, MPW1K,
MP2, QCISD, and QCISD(T) with BSSE corrections. The light blue
areas represent Piela’s and Haaland’s estimations of-31.1( 1.0 and
-25.7 ( 2.0 kcal/mol, respectively. The Gurvich estimation is not
shown on the figure. The QCISD(T)/aug-cc-pV5Z data point is a SP
energy evaluation on the MP2/6-311++G(3df,2p) optimized structure.

Figure 5. Predicted binding enthalpies,∆H298 (kcal/mol), for H3B-
NH3 versus number of basis functions with 6-311++G(X,Y) for HF,
B3LYP, MPW1K, MP2, QCISD, and QCISD(T) with BSSE correc-
tions. The light blue areas represent Piela’s and Haaland’s estimations
of -31.1( 1.0 and-25.7( 2.0 kcal/mol, respectively. The Gurvich
estimation is not shown on the figure.
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residual errors of 1.5, 1.3, and 1.6 kcal/mol for MP2, QCISD,
and QCISD(T), respectively, called the “convergence correc-
tion”, will be subtracted (increase the magnitude) from the
predicted∆H373 for methyl-substituted ammonia trimethylbo-
ranes discussed in the next section. Other basis sets are reported
in Figure S4 and Table S3 of the Supporting Information.

Our final prediction for the binding enthalpy at 298 K is
-27.5 ( 0.5 kcal/mol, using QCISD(T)/aug-cc-pV5Z on the
MP2/6-311++G(3df,2p) optimized geometry. BSSE is negli-
gible when the aug-cc-pV5Z basis set is employed. The error
of 0.5 kcal/mol is estimated from the QCISD(T) mean absolute
deviation (MAD) of four methyl-substituted ammonia trimeth-
ylboranes analyzed and discussed in the next section. The error
of 0.5 kcal/mol is not unreasonable, because high accuracy
compound methods, such as Gaussian-4, report energetics with
an average absolute deviation of 0.80 kcal/mol.92 Our prediction
is within the uncertainty of Piela’s-25.7( 2.0 kcal/mol,22 yet
significantly weaker than Haaland’s estimate of-31.1 ( 1.0
kcal/mol3 and Gurvich’s recommendation of-37.5( 3.6 kcal/
mol.27

Analysis of ∆H373 for (CH 3)3B-N(CH3)nH3-n; n ) 0-3.
The binding enthalpies of the four methyl-substituted ammonia
trimethylboranes, (CH3)3B-NH3, (CH)3B-NH2CH3, (CH)3B-
NH(CH3)2, and (CH)3B-N(CH3)3, have been predicted with
each method using the 6-311++G(3df,2p) basis set with BSSE
and convergence corrections and compared with experiment.26

Table 4 displays the BSSE corrected binding enthalpies at 373
K with and without the convergence correction for the post-
SCF methods.

Ammonia borane has the strongest dative bond, as compared
to any of the methyl-substituted systems. However, beyond
(CH)3B-NH2CH3, experiment gives an increase in B-N dative
bond strength for each methyl group added to the nitrogen atom,
until the third methyl group, in which the B-N dative bond
strength decreases to that of the one methyl case. Although DFT
and HF are less affected by BSSE, these methods are unable to
model the experimental∆H373 values and trends accurately. All
DFT and HF methods predict that the addition of the second

methyl group will decrease the B-N dative bond strength, which
contradicts the experimental trend. HF, B3LYP, and MPW1K
are also unable to model the B-N binding enthalpy on a
quantitative level as well, evident by MADs of 16.3, 10.8, and
5.1 kcal/mol (Table 4), respectively.

All post-SCF methods with the 6-311++G(3df,2p) basis set
incorporating BSSE and convergence corrections reproduced
the experimental trend of increasing then decreasing B-N dative
bond strength with MADs of 2.2, 2.6, and 0.5 kcal/mol for MP2,
QCISD, and QCISD(T), respectively. The BSSE and conver-
gence corrected QCISD(T) binding enthalpies are within the
experimental uncertainty for trimethylboranes (n ) 2 and 3)
and slightly outside the experimental accuracy by 0.3 and 0.8
kcal/mol for n ) 0 and 1, respectively. The data suggest that
the triples correction of the wave function is critical, accounting
for ca. 10-25% of the ∆H373 to align computation with
experiment.

Significance of Thermal Corrections. The ability of theory
to predict accurate B-N dative binding enthalpies has been
shown to depend upon the method, basis set size and functions,
and BSSE. However, thermal corrections can also make
important contributions to the predicted binding energetics. For
example, the thermal adjustments with BSSE associated with
the highest level of theory employed, QCISD(T)/6-311++G-
(3df,2p)//MP2/6-311++G(3df,2p), are listed in Table 5.

As expected, thermal factors are found to influence the
predicted binding energetics significantly, yet are not always
applied for comparison with experiment. BSSE alone can
account for an absolute difference from the binding electronic
energy by up to 3.6 kcal/mol, BSSE and zero-point energy
corrections up to 7.9 kcal/mol, and BSSE and enthalpic (thermal)
corrections up to 6.9 kcal/mol. This does not mean that the
predicted binding energetics are necessarily incorrect; however,
care must be taken for valid comparison with experiment. For
example, the predicted∆Eelec for H3B-NH3 is -31.5 kcal/mol
using QCISD(T)/6-311++G(3df,2p), which is in fortuitous
agreement with Haaland’s estimation of-31.1( 1.0 kcal/mol.
Haaland’s estimation is not a∆Eelecvalue rather an extrapolation

TABLE 4: BSSE Corrected and Experimental Binding Enthalpies (kcal/mol) at 373 K,∆H373, for (CH 3)3B-N(CH3)nH3-n; n )
0-3a

B(CH3)3-NH3 B(CH3)3-NH2CH3 B(CH3)3-NH(CH3)2 B(CH3)3-N(CH3)3 MAD

MPW1K/6-311++G(3df,2p) -11.9 -14.2 -12.9 -9.1 5.1
B3LYP/6-311++G(3df,2p) -6.8 -8.8 -7.0 -2.4 10.8
HF/6-311++G(3df,2p) -2.0 -3.5 -1.2 3.6 16.3
MP2/6-311++G(d,p)b -15.4 -20.4 -22.1 -21.4 2.8
MP2/6-311++G(d,p) -11.0 -15.1 -15.9 -14.3 3.0
MP2/6-311++G(3df,2p) -15.6 (-14.1) -20.1 (-18.6) -21.4 (-19.9) -20.2 (-18.7) 2.2 (0.7)
QCISD/6-311++G(3df,2p) -12.6 (-11.3) -13.8 (-12.5) -16.8 (-15.5) -14.7 (-13.4) 2.6 (3.9)
QCISD(T)/6-311++G(3df,2p) -14.4 (-12.8) -18.6 (-17.0) -19.5 (-17.9) -17.8 (-16.2) 0.5 (1.1)
experiment26 -13.8( 0.3 -17.6( 0.2 -19.3( 0.3 -17.6( 0.2

a Values within parentheses do not account for convergence corrections of 1.5, 1.3, and 1.6 kcal/mol for MP2, QCISD, and QCISD(T), respectively.
Mean absolute deviations (MADs) from experimental data are reported.b From ref 19, which are not corrected for BSSE nor thermal corrections.
Only ZPE corrections are applied.

TABLE 5: Factors Influencing the QCISD(T) Predicted Binding Energetics (kcal/mol), for H3B-NH3 and
(CH3)3B-N(CH3)nH3-n; n ) 0-3a

average
difference
(kcal/mol)

H3B-NH3

T ) 298 K
B(CH3)3-NH3

T ) 373 K
B(CH3)3-NH2CH3

T ) 373 K
B(CH3)3-NH(CH3)2

T ) 373 K
B(CH3)3-N(CH3)3

T ) 373 K

∆Eelec 0.0 -31.5 (0.0) -18.1 (0.0) -22.6 (0.0) -24.1 (0.0) -23.1 (0.0)
∆Eelec+ BSSE corrections 2.7 -29.9 (1.7) -15.7 (2.4) -19.9 (2.7) -21.0 (3.1) -19.5 (3.6)
∆E0 + BSSE corrections 7.2 -24.3 (7.3) -11.2 (6.9) -15.9 (6.7) -17.0 (7.1) -15.2 (7.9)
∆HT + BSSE corrections 5.9 -25.9 (5.6) -12.8 (5.3) -17.0 (5.6) -17.9 (6.2) -16.2 (6.9)

a Relative values to the predicted binding electronic energy,∆Eelec, are given in parentheses. The convergence correction of 1.6 kcal/mol for
QCISD(T) is not applied.
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from ∆H298 values. When the appropriate thermal corrections
are applied to the QCISD(T) prediction,∆H298 is predicted to
be -25.9 kcal/mol, which is 5.2 kcal/mol different from
Haaland’s. Thus, without a systematic study, it is possible for
theory and experimental values to match accidentially; however,
this could be avoided when proper corrections are applied.
Consequently, with larger thermal factors, the methyl-substituted
ammonia trimethylboranes require thermal adjustments for
accurate experimental comparison.

When a lower level of theory is utilized, such as with MP2/
6-311++G(d,p), the corrections are larger (Table 6) due to
BSSE. Since each level of theory is corrected by the same scaled
frequencies (see Computaional Details section), BSSE is the
only variable in this study. However, the binding electronic
energy can change up to 8.2 kcal/mol, BSSE and ZPE
corrections up to 12.4 kcal/mol, and BSSE and enthalpic
(thermal) corrections up to 11.4 kcal/mol. The results demon-
strate the importance of thermal corrections and BSSE.

It has been previously recommended that the MP2 method
employed with at least a triple-ú split-valence basis set should
be utilized to model the B-N dative bond.20,21 Evaluation of
the methyl-substituted ammonia trimethylboranes utilizing MP2/
6-311++G(d,p) reveals that BSSE ranges between 6.0 and 8.2
kcal/mol, as shown in Table 6. The comparison with experiment
should include thermal and BSSE corrections. For example, the
MP2/6-311++G(d,p) BSSE uncorrected binding energies em-
ploying only ZPE corrections for (CH3)3B-N(CH3)nH3-n, where
n is 0, 1, 2, and 3, are-15.4,-20.4,-22.1, and-21.4 kcal/
mol (MAD of 2.8 kcal/mol),20 respectively. The reported values
and differences are significantly different than the MP2/6-
311++G(d,p) predicted binding enthalpies of-11.0, -15.1,
-15.9, and-14.3 kcal/mol (MAD of 3.0 kcal/mol), respec-
tively, which are adjusted for thermal factors (373 K) and BSSE.

There are three key conclusions. First, the electronic energy
should be adjusted with the necessary thermodynamic correc-
tions at the appropriate temperature for a proper comparison
with experiment. Second, the 6-311++G(3df,2p) basis set
should be utilized with the convergence correction of 1.3-1.6
kcal/mol to ensure a converged and accurate binding enthalpy.
Last, BSSE must be implemented to predict the binding enthalpy
accurately. It is recommended that if accurate binding enthalpies
are desired on a quantitative level (MAD of 0.5 kcal/mol), then
single-point energy calculations utilizing QCISD(T)/6-311++G-
(3df,2p) should be utilized, incorporating BSSE corrections as
well as the 1.6 kcal/mol convergence correction on MP2/6-
311++G(3df,2p) optimized structures. However, if semiquan-
titative results are desired (MAD of 2.2 kcal/mol), maintaining
the qualitative trend, then the full optimizations utilizing MP2/
6-311++G(3df,2p) should be employed, incorporating BSSE
corrections as well as the 1.5 kcal/mol convergence correction.
MP2 utilized with the 6-311++G(3df,2p) basis set offers an
appropriate balance of accuracy and efficiency to model the
energetics of B-N dative bonds. These two levels of theory

may be utilized to model the structural and energetic properties
of B-N dative bonds.

Chemical Descriptors of the B-N Dative Bond.To probe
the electronic nature of the dative bond, NBO and NRT analysis
has been employed to provide the chemical descriptors (atomic
charges, bond orders, bond covalency, bond ionicity, and charge-
transfer frustration) within H3B-NH3 and the four methyl-
substituted ammonia trimethylboranes. QCISD(T)/6-311++G-
(3df,2p) with BSSE and convergence corrections has been
shown to predict accurate binding enthalpies for substituted
trimethyl boranes. However, the electronic wave function
predicted by QCISD(T) cannot be analyzed by NBO, because
the requisite density matrix is not available. Thus, due to its
proven semiquantitative results, MP2/6-311++G(3df,2p) pre-
dicted charges, bond orders, covalencies, and ionicities, and
binding enthalpies with BSSE and convergence corrections are
taken as the reference for further calculations. To uncover the
“physical” reasons for the wide variability in predicted binding
enthalpies by different levels of theory, NBO and NRT analysis
has been performed with HF, B3LYP, and MPW1K utilizing
the 6-311++G(3df,2p) basis set on the corresponding optimized
structures and compared back to the MP2 results for percent
error calculations. Thus, MP2 is the reference point or consid-
ered to be “exact” for the percent error calculations and will be
included in the data sets.

Charge-Transfer Frustration.From the Lewis perspective,
the formation of a dative bond within H3B-NH3 occurs when
two electrons are donated by the nitrogen atom and accepted
by boron.75 This is known to be an oversimplification of the
dative bond concept, where the strength of the donor does not
necessarily match that of the acceptor. A mismatch in donor
and acceptor strength endows the termini with a reduction or
buildup of electron density, which we refer to as “frustration”.
The frustrated termini utilize their immediate substituents to
satisfy further electronic needs and provide a unique character
of chemical bonding.

Frustration is quantified by examining the differences in
charge changes between the bonded and the separated states.
The atomic termini of the dative bond experience a change in
atomic charge (QN(dat) andQB(dat)) compared to their separated
states (QN(sep) andQB(sep)) by approximately equal but
opposite amounts, whereQN(dat) - QN(sep)≈ -[QB(dat) -
QB(sep)] or∆QN ≈ -∆QB.75 In other words, the donation (loss)
of electron density from the donor (∆QN) will be approximately
equal in magnitude to the electron density accepted (gained)
by the acceptor (∆QB.). Consequently, the extent in which∆QN

equals-∆QB is used to gauge the dative character of a chemical
bond. If ∆QN equals-∆QB, then the B-N bond is considered
fully dative, indicating no offset from equality, where a perfect
match between donating and accepting electron density is
achieved. If∆QN does not equal-∆QB, then the difference,
QCTF ) -(∆QB + ∆QN), represents the charge-transfer frustra-
tion, or mismatch of donor and acceptor strengths, between the

TABLE 6: Factors Influencing the MP2/6-311++G(d,p) Predicted Binding Energetics (kcal/mol) for H3B-NH3 and
(CH3)3B-N(CH3)nH3-n; n ) 0-3a

average
difference
(kcal/mol)

H3B-NH3

T ) 298 K
B(CH3)3-NH3

T ) 373 K
B(CH3)3-NH2CH3

T ) 373 K
B(CH3)3-NH(CH3)2

T ) 373 K
B(CH3)3-N(CH3)3

T ) 373 K

∆Eelec 0.0 -32.0 (0.0) -19.9 (0.0) -24.4 (0.0) -26.1 (0.0) -25.7 (0.0)
∆Eelec+ BSSE corrections 6.4 -27.6 (4.3) -13.9 (6.0) -18.0 (6.4) -19.0 (7.1) -17.5 (8.2)
∆E0 + BSSE corrections 11.0 -21.1 (10.8) -9.4 (10.5) -14.0 (10.4) -14.9 (11.1) -13.3 (12.4)
∆HT + BSSE corrections 9.6 -23.7 (8.3) -11.0 (8.9) -15.1 (9.3) -15.9 (10.2) -14.3 (11.4)

a Relative values to the predicted electronic binding energy,∆Eelec, are given in parentheses.
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two atoms. For example, MP2/6-311++G(3df,2p) predicts that
∆QN and-∆QB are 0.230e and 0.503e, respectively, resulting
in aQCTF of 0.273e, which is considered to have relatively weak
dative character in comparison to F3B-NH3, with a QCTF of
0.000e computed at the same level of theory. This is in good
agreement with the B3LYP/6-311++G(d,p) predicted value of
-0.013e by Weinhold and Landis.75 This suggests that BF3 is
more compatible with NH3 than BH3, which agrees with
Pearson’s Hard-Soft Acid-Base principles, because BF3 and
NH3 are both hard and BH3 is soft.93,94

In addition, the B-N bond strength is stronger in H3B-NH3

as compared to F3B-NH3.17,19 Therefore, the relationship
between the trend of binding enthalpies from methyl-substituted
ammonia boranes and the extent of predicted charge-transfer
frustration is of interest in characterizing the dative bond. Figure
6 displays the BSSE and convergence corrected MP2/6-
311++G(3df,2p) predicted binding enthalpies versusQCTF. A
strong linear correlation (R2 ) 0.91) is found, suggesting that
as the dative character of the bond increases, then the strength
of the B-N bond decreases.

Figure 7 shows the percent error in the corrected predicted
binding enthalpies for H3B-NH3 and four trimethylboranes
utilizing HF, B3LYP, MPW1K, and MP2 employing the
6-311++G(3df,2p) basis set versus the percent error in charge-
transfer frustration between boron and nitrogen for each

corresponding method. A strong linear correlation (R2 ) 0.89)
exists, which suggests that modeling the dative character of the
B-N bond is critical. Errors as large as 118% occur in the
predicted binding enthalpy, ifQCTF is underestimated by 28%,
as predicted for (CH)3B-N(CH3)3 by HF. The charge-transfer
frustrations predicted by MP2/6-311++G(3df,2p) between
boron and nitrogen within H3B-NH3, (CH3)3B-NH3, (CH)3B-
NH2CH3, (CH)3B-NH(CH3)2, and (CH)3B-N(CH3)3 are 0.273e,
0.202e, 0.234e, 0.253e, and 0.241e, respectively. TheQCTF trend
across the dative bond with methyl substitution at either the
donor or acceptor is rationalized by the electronegativities for
nitrogen, carbon, hydrogen, and boron, which are 3.0, 2.5, 2.1,
and 2.0, respectively.8 Methyl substitution (comparing H3B-
NH3 and (CH3)3B-NH3) withdraws electron density from boron,
due to the difference in electronegativities, resulting in a
decrease of charge-transfer frustration and weakening of the
B-N bond, as observed by experiment.26 For the donor,
increasingn within (CH3)3B-N(CH3)nH3-n results in more
donation of electron density to nitrogen, allowing nitrogen to
become a stronger Lewis base. Thus, the charge-transfer
frustration across the B-N bond increases fromn ) 0 to n )
2, yielding a stronger B-N bond, except for whenn ) 3.
However, steric congestion cannot be ignored in this system,
and the balance of sterics and electronics is discussed later.

Bond CoValency and Ionicity.Although no strong correlation
exists between bond order and binding enthalpy (R2 ) 0.50,
Figure S5 of the Supporting Information), moderate correlations
were found between the errors in binding enthalpy and both
the errors in percent bond ionicity and percent bond covalency.
Figure 8 displays a correlation (R2 ) 0.64) between the percent
error in binding enthalpy and the percent error in percent bond
covalency. Large errors in the predicted binding enthalpy result
from moderate errors in the percent bond covalency. For
example, HF underestimates the percent bond covalency in the
B-N dative bond within (CH3)3B-N(CH3)3 by 16.3%, resulting
in a predicted binding enthalpy of∆H373) 3.6 kcal/mol, a 118%
underestimation from the BSSE and convergence corrected MP2
predicted value of-20.2 kcal/mol. DFT and HF underestimate
the binding enthalpy of the B-N bond for all systems, except
for H3B-NH3, as predicted with MPW1K. The data support
that the bond covalency must be predicted correctly to model
an accurate binding enthalpy.

MP2/6-311++G(3df,2p) predicts the percent bond covalency
for the dative bond between boron and nitrogen to decrease with
increasing methyl substitutions within H3B-NH3, (CH3)3B-

Figure 6. MP2 predicted binding enthalpy (BSSE and convergence
corrections included) utilizing the 6-311++G(3df,2p) basis set for
(CH3)3B-N(CH3)nH3-n, n ) 0-3, and ammonia borane vs the charge-
transfer frustration,QCTF, given by-(∆QB + ∆QN). Labels near each
data point refer ton, or number of methyl substitutions. P refers to the
prototype dative bond, H3B-NH3.

Figure 7. Percent error in the predicted binding enthalpy vs the percent
error in the predicted charge-transfer frustration, given by-(∆QB

+∆QN) for HF (orange diamond), B3LYP (blue square), MPW1K
(black triangle), and MP2 (gray circle) utilizing the 6-311++G(3df,-
2p) basis set on the corresponding optimized H3B-NH3 and (CH3)3B-
N(CH3)nH3-n, n ) 0-3, structures or number of methyl substitution.
Labels below or above each data point refer ton. P refers to the
prototype dative bond, H3B-NH3.

Figure 8. Percent error in the predicted binding enthalpy vs the percent
error in the predicted percent bond covalency for HF (orange diamond),
B3LYP (blue square), MPW1K (black triangle), and MP2 (gray circle)
utilizing the 6-311++G(3df,2p) basis set on the corresponding
optimized H3B-NH3 and (CH3)3B-N(CH3)nH3-n, n ) 0-3, structures
or number of methyl substitution. Labels below or above each data
point refer ton. P refers to the prototype dative bond, H3B-NH3.
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NH3, (CH)3B-NH2CH3, (CH)3B-NH(CH3)2, and (CH)3B-
N(CH3)3 with values of 35.4%, 33.5%, 33.4%, 31.7%, and
28.9%, respectively. The data suggest that the covalency must
be modeled correctly to predict an accurate binding enthalpy;
however, it does not explain the trend in predicted or observed
binding enthalpies, which is in agreement with Jonas et al.17

Jonas and co-workers found that strong dative bonds may be
primarily bound by either covalent or ionic interactions and that
no correlation exists between the strength of the bond and the
degree of covalency or ionicity.17 A balance of electronics and
steric factors must be considered in such crowded systems, as
discussed in a later section.

A correlation (R2 ) 0.62) also exists between errors in percent
bond ionicity and binding enthalpy, as shown in Figure 9. HF
overestimates the percent bond ionicity, which results in weaker
predicted binding enthalpies compared to MP2. In addition,
B3LYP and MPW1K result in weaker binding enthalpies, except
for H3B-NH3, as predicted by MPW1K. As with the error in
covalency, moderate errors in ionicity yield large errors in the
binding enthalpy. For example, an error of 6.7% in percent
ionicity results in a 118% error in binding enthalpy. The data
support that the percent bond ionicity must be predicted correctly
to predict an accurate binding enthalpy. MP2/6-311++G(3df,-
2p) predicts the percent bond ionicity for the dative bond
between boron and nitrogen to increase with increasing methyl
substitutions within H3B-NH3, (CH3)3B-NH3, (CH)3B-NH2-
CH3, (CH)3B-NH(CH3)2, and (CH)3B-N(CH3)3, with percent-
ages of 64.6%, 66.5%, 66.6%, 68.3%, and 71.1%, respectively.
The ionicity increases by approximately the same amount as
the decrease in covalency with methyl substitution. As discussed
with the covalency, the extent to which the bond is ionic does
not explain the binding enthalpy trend. The percent error in
binding enthalpy is more sensitive to the percent error in ionic
character over covalent character as indicated by the magnitude
of the slope of the fitted line displayed in Figures 8 and 9 (10.5
vs 5.0). The data suggest that the ionic nature of the wave
function is more difficult to model than the covalent character.

Balance of Steric and Electronic Effects. The charge-
transfer frustration at equilibrium is crucial to characterizing
the nature of the dative bond and subsequently predicting
accurate binding enthalpies. However, from the previous discus-
sion, the predicted dative bond descriptors do not fully explain
the reported experimental trend forn ) 2 to n ) 3. The MP2/
6-311++G(3df,2p) predicted binding enthalpies (with BSSE
and convergence corrections) versusQCTF display a strong linear

correlation (R2 ) 0.91), implying the nature of the dative bond
has consequences on the binding enthalpy. However, the reason
for why the binding enthalpy decreases and the dative character
has increased upon methyl substitution (n ) 2 to n ) 3) is not
revealed by analyzing the dative bond descriptors. A balance
of sterics and electronics must be considered.

In an analysis of the predicted geometries, it is found that
the atomic termini of the dative bond allow for the substituted
groups to relieve steric strain by the bending of angles. The
acceptor’s tetrahedral geometry is rigid compared to the donor’s.
The predicted acceptor XBN angles (X) H or C) vary only
by 3.1°, whereas the donor XNB angles vary by 14.2°,
depending upon the number of methyl substitutions. As methyl
groups are added to the donor, steric congestion is relieved by
expanding the CNB angles with a corresponding angle compres-
sion of∠HNB for n ) 1 andn ) 2. The donor group appears
to “rotate” to relieve the steric congestion away from the three
methyl groups on the acceptor. For example, when one methyl
is added (n ) 1), the CNB angle becomes 117.2° (6.4° greater
than∠HNB whenn ) 0), while the HNB angles compress to
106.7° (4.1° less than∠HNB whenn ) 0). With the combined
relief of steric strain and the donation of electron density by
the methyl group, the computed B-N bond is strengthened and
shortens by 0.005 Å. The result is an experimentally observed
energy lowering of 3.8 kcal/mol, compared to whenn ) 0.
When two methyl groups are added, the CNB angles become
114.0° (3.2° greater than∠HNB where n ) 0) with a
corresponding HNB angle of 103.0° (7.8° less than∠HNB
wheren ) 0). There is less rotation of the methyl groups for
steric relief; however, the two methyl groups donate electron
density to nitrogen, decreasing the dative character of the B-N
bond (Figure 6). Consequently, the combined effect is a 1.7
kcal/mol stabilization observed experimentally. Finally, addition
of the last methyl group cannot utilize the rotation mechanism
for stabilization due to the symmetric nature of the substitution.
Whenn ) 3 the CNB angle is found to be nearly tetrahedral at
110.9°, contracting by only 0.1° when n ) 0. Despite the
electron donation by three methyl groups, the lack of steric relief
by rotation prevents potential stabilization. Consequently, a
destabilization of 3.4 kcal/mol with a B-N bond elongation of
0.027 Å from n ) 0 occurs, decreasing the charge-transfer
frustration and subsequently increasing the dative character. The
B-N destabilization and correspondingQCTF decrease are
observed within Figure 6, correlating well with the remaining
ammonia borane data. In summary, the data suggest that methyl
substitution stabilizes the B-N bond by decreasing the dative
nature. The bond is further stabilized by relieving steric
congestion by geometric distortion. Subsequent methyl substitu-
tions become increasingly crowded and difficult to accommodate
despite the stabilization offered by reducing the dative nature
of the bond. In addition, N-C and B-C elongations participate
very little in the relief of steric congestion, if at all, because
only 0.003 and 0.007 Å variations are predicted across the
methylated ammonia boranes, respectively.

Conclusion

The importance of a balance of electronic and steric factors
at the equilibrium distance is shown to be critical in modeling
and characterizing the dative bond. Discrepancies in the binding
energetics reported within the literature are not a consequence
of varying dative bond length but rather of how the specific
method and basis set model the electronics within the system.
More specifically, the charge-transfer frustration between boron
and nitrogen must be predicted correctly to model the B-N

Figure 9. Percent error in the predicted binding enthalpy vs the percent
error in the predicted percent bond ionicity for HF (orange diamond),
B3LYP (blue square), MPW1K (black triangle), and MP2 (gray circle)
utilizing the 6-311++G(3df,2p) basis set on the corresponding
optimized H3B-NH3 and (CH3)3B-N(CH3)nH3-n, n ) 0-3, structures
or number of methyl substitution. Labels below or above each data
point refer ton. P refers to the prototype dative bond, H3B-NH3.
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dative bond accurately. The binding enthalpy trend is a
consequence of the dative character of the bond, which is
measured by the completeness of charge transfer, or to what
extent∆QN equals-∆QB. In this particular system, steric forces
cannot be ignored. The Lewis donor has been found to be more
flexible than the acceptor, allowing steric congestion to be
relieved for the addition of two methyl groups. However,
addition of the final methyl group results in severe steric
congestion (n ) 3), and the binding enthalpy weakens, because
the molecule can no longer distort to lower its energy. It is
recommended that if accurate binding enthalpies are desired on
a quantitative level (MAD of 0.5 kcal/mol), then single-point
energy calculations utilizing QCISD(T)/6-311++G(3df,2p)
should be utilized, incorporating BSSE corrections with the 1.6
kcal/mol convergence correction on MP2/6-311++G(3df,2p)
optimized structures as well as appropriate thermal corrections
to the electronic energy. However, if semiquantitative results
are desired (MAD of 2.2 kcal/mol), maintaining the qualitative
trend, then full optimizations utilizing MP2/6-311++G(3df,-
2p) should be employed, incorporating BSSE corrections with
the 1.5 kcal/mol convergence correction and appropriate thermal
corrections. MP2 utilized with the 6-311++G(3df,2p) basis set
offers an appropriate balance of accuracy and efficiency to
model the energetics of larger B-N dative bond systems.
B3LYP was successful and MPW1K unsuccessful at modeling
the bond length for ammonia borane. Furthermore, all DFT
methods did not model experimental binding enthalpies and
trends for the four methyl-substituted ammonia trimethylboranes
((CH3)3B-N(CH3)nH3-n; n ) 0-3) accurately. Proper treatment
of the dative bond allowed for an interpretation of the
experimental binding enthalpies for the methyl-substituted
ammonia trimethylboranes. In summary, this study provides a
comprehensive evaluation of computational protocols used in
the study of dative bonds. However, it is suspected that weaker
Lewis acid-base adducts or stronger organometallic compounds
may have different sensitivity and response to the computational
factors studied here. Ongoing work in both fields will be
reported soon to provide a fuller and more robust understanding
across a range of dative bonding.
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