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Abstract This work is aimed at modeling a framework
L-site of a boralite using DFT and a cyclic cluster including
one B and two Si atoms. A similar cluster was used earlier
as a successful model for an L-site of a zeolite, which allows
for the direct comparison of the properties of the two L-sites.
It is shown that the boralitic L-site is rather weak. Unlike
its zeolitic counterpart, it cannot bind a molecule of ethene
or carbon monoxide. Only a base as strong as ammonia can
form a stable 1:1 complex with the boralitic L-site. Water is
found to bind to the boralitic L-site only if not less than two
of its molecules are interacting with the model cluster. As
water loading increases, the geometry of the BO3 fragment
undergoes gradual changes indicative of facile hydrolysis of
the boralite lattice.

Keywords Zeolites · Boron substitution · Acidity ·
Adsorption · Density functional theory

1 Introduction

Zeolites are well known for their unique adsorption and cat-
alytic properties. The most important zeolitic catalysts used
in petrochemical processing and industry-scale organic syn-
thesis are produced from H-zeolites, which are strong solid
acids. Their acidity stems from defects in the crystal lattice.
One kind of the catalytically active defects, known as the
bridge OH group, possesses strong Brønsted acidity while
another, the tricoordinated aluminum atom, is a Lewis acid.
These framework defects are referred to as the H-site and
L-site, respectively. L-sites are formed from H-sites during
the activation of a zeolitic catalyst at elevated temperatures,
which results in its partial dehydroxylation (see Fig. 1).

The catalytic role of framework L-sites in zeolites has
been largely underestimated despite the evidence available
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since the early days of zeolite science [1]. Their very exis-
tence had been questioned [2] until it was shown experi-
mentally that the strong Lewis acidity of zeolites, especially
of high-silica ones, resulted from framework defects rather
than from extra-lattice alumina debris [3]. Most of the doubt
and uncertainty about zeolitic L-sites arises from the fact
that these sites are very hard to investigate using the conve-
nient methods of zeolite chemistry: X-ray structure analysis,
IR and NMR spectroscopy. The major body of experimen-
tal data on L-sites has been obtained using the spectroscopic
observation of test molecules adsorbed at the sites. Many of
such results defy unambiguous interpretation at the molecular
scale. Therefore quantum chemical modeling is crucial to the
comprehensive understanding of the properties of zeolites.

A relatively recent advance in zeolite science is the chem-
ical modification of the zeolitic framework aimed at “fine
tuning” its properties. For instance, H-sites, as they appear
in an unmodified zeolite, may be too strong for a particular
catalytic reaction, leading to suboptimal selectivity of the cat-
alyst. The strength of the H-sites can be attenuated in such
cases by means of the isomorphous substitution of alumi-
num atoms in the zeolite framework by boron atoms [4]. A
boralite is the ultimate product of such substitution, with no
aluminum atoms left in its framework (see Fig. 1).

It is not unexpected that the isomorphous substitution
affects the nature and properties of framework L-sites as well.
It was found that, unlike in H-zeolites, L-sites would readily
form in H-boralites at mild dehydration conditions [5,6]. In
a dehydrated H-boralite framework, boron atoms are essen-
tially tricoordinated [5,7] . These phenomena are accounted
for by the rather low Lewis acidity of boron atoms not allow-
ing them to form a close SiO(H)B bridge in the absence of
solvating water molecules.

Consequently, boralitic L-sites, due to their significant
concentration in a thermally activated sample, can play a
role in catalysis over boron substituted zeolites. Notwith-
standing, little interest has been paid so far to the adsorp-
tion properties of such L-sites. It might be partly due to
the difficulties experimentalists have met with when study-
ing the L-sites of conventional zeolites. Therefore quantum
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Fig. 1 Interrelations between acid sites in zeolites and boralites

chemical modeling of boralitic L-sites and their complexes
with test molecules can shed light on the molecular proper-
ties of these systems and provide valuable suggestions for
further experimental research in this area.

2 Computational details

In the present work, all calculations were carried out using
density functional theory (DFT) with the BLYP functional
and 6-31G** basis set. This combination had previously been
shown to perform well in modeling the L-sites of conven-
tional zeolites and to give results in good agreement with ab
initio methods, namely SCF and MP2 with the same basis
set [8]. The Jaguar software suite [9] was used. Dissociation
energies were not corrected for ZPE or BSSE. Vibration fre-
quencies were not scaled. Atomic charges were calculated
according to Mulliken.

This study adopted cluster approximation. A boralitic
L-site was modeled with a small cyclic cluster denoted as
“B3” (in order to distinguish it from its zeolitic counterpart
“Z3” used in our earlier work [8], results from which we
will use for comparison). See Fig. 2 for the structure of the
B3 cluster. Such small cyclic clusters have proved particu-
larly convenient for modeling L-sites in zeolites [8,11–13].
They reproduce the rigid structure inherent to zeolitic frame-
work while staying compact enough to allow time-effec-
tive quantum chemical calculations involving full geometry
relaxation.

Note added in proof In our recent studies of chemically
modified zeolites, a more complex approach has been used:
cluster models including eight T atoms, the cc-pVTZ basis
set, and the Perdew–Burke–Ernzerhof functional as imple-
mented in the PRIRODA-04 software suite [10]. In particu-
lar, adsorption complexes analogous to those presented here
were re-examined. Increasing the complexity of the approach
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Fig. 2 B3 cluster

was found to have no significant influence on the quantitative
and qualitative results reported in this paper.

3 Free cluster

In the B3 cluster, the BO3 fragment is effectively planar. The
OBO angles add up to 360◦ (see Table 1). This is the same
as what was found for the AlO3 fragment in the Z3 cluster.
Of course, B–O bonds are shorter than Al–O bonds: the BO
distances are 137–140 pm, as compared with AlO distances
of 171–173 pm. The planar configuration of the BO3 frag-
ment is consistent with experimental data on the dominant
presence of trigonal boron in dehydrated boralites [5,7].

While we are aware that Koopmans’ theorem does not
hold for Kohn–Sham orbitals, the comparison of the HOMO
and LUMO energies of the B3 and Z3 clusters within the
same quantum chemical approximation may yield at least
qualitative results. Indeed, the data from Table 2 show that
B3 represents a weaker, yet harder, Lewis acid than Z3, which
is in keeping with the chemical common sense.
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Table 1 Properties of the B3 cluster and its complexes with molecules

Species rBO(pm) φOBO(deg) Ediss(kJ mol−1) Characteristic vibration
frequencies and their
shifts (cm−1)

B3 140; 139; 137 123; 120; 117 —
B3–CO 140; 139; 137 123; 120; 117 7 ν CO, 2109 (+4)
B3–C2H4 140; 139; 137 123; 120; 117 7 ν CC, 1653 (−3)
B3–NH3 146; 146; 142 116; 114; 114 25 δas NH, 1618, 1632 (−40, −25);

δs NH, 1271 (+178)
B3–H2O 140; 139; 137 123; 123; 117 41
B3–2H2O 147; 145; 141 116; 114; 115 96
B3–3H2O 148; 147; 141 115; 113; 115 153

Table 2 HOMO and LUMO energies of the Z3 and B3 clusters

Cluster HOMO (eV) LUMO (eV) Gap (eV)

Z3 −6.75 −1.56 5.19
B3 −6.98 −0.35 6.63

4 Carbon monoxide and ethene complexes

Earlier both CO and C2H4 molecules were shown to form
stable complexes with a zeolitic L-site [8]. Indeed, CO is an
important test molecule used to investigate acid sites in zeo-
lites and other solids by means of IR and NMR spectroscopy.
Our model of a zeolitic L-site was able to predict a shift of
the CO IR band due to the “adsorption” of a CO molecule
at the zeolitic L-site in agreement with the experimental data
available [8].

At the same time, a boralitic L-site, as represented by the
B3 cluster, appears too weak to bind a CO or C2H4 molecule.
The B3–CO and B3–C2H4 complexes are characterized by
rather low dissociation energy, ca. 7 kJ mol−1. Their struc-
tures suggest that there is no immediate binding between the
molecule and the boron atom: only weak VdW interaction
occurs (see Fig. 3). The vibrational analysis of the complexes
supports this opinion; the CO and CC band shifts due to the
complexation are less than 5 cm−1 (compare with shifts by
+54 and −38 cm−1 in Z3–CO and Z3–C2H4, respectively
[8]). The BO3 fragment of the cluster remains unperturbed;
the sum of OBO angles still is 360◦ in either complex (see
Table 1).

A conclusion can be drawn that weak bases are unsuitable
spectroscopic tests for studying boralitic L-sites.

5 Ammonia complex

Ammonia is another test for acidity of solids widely used
in such methods as calorimetry, temperature programmed
desorption and IR spectroscopy. Earlier our model of a zeo-
litic L-site was able to predict important observable charac-
teristics of the interaction between an ammonia molecule and
the zeolitic L-site, namely the adsorption energy as high as
160 kJ mol−1 and a considerable blue shift of the symmetric
NH bending band δs by +185 cm−1 [8].

Fig. 3 B3–CO (left) and B3–C2H4 (right) complexes (distances in pm)

Now let us consider our present model for an L-site in a
boralite. Being a rather strong base, an ammonia molecule
binds to such a site, thus forming an apparent N · · · B coor-
dination bond (see Fig. 4). However, the dissociation energy
of the complex to form, B3–NH3, is considerably lower than
that of Z3–NH3, and amounts to as low as 25 kJ mol−1. Nev-
ertheless, the δs blue shift in B3–NH3, +178 cm−1, is just
slightly less than that in Z3–NH3. The BO3 fragment loses
its planar structure due to the complexation, the configuration
of the boron atom becoming distorted tetrahedral. The sum
of the OBO angles decreases to 345◦ while the B–O bonds
elongate by 5–6 pm each (see Table 1).

These results suggest that ammonia can be a spectro-
scopic test for L-sites in boralites, but low stability of the
surface complex should be taken into account while plan-
ning experiments.

6 Water complexes

Water plays a very important role in zeolite catalysis. It was
shown by means of quantum chemical modeling that the
binding of a water molecule by a zeolitic L-site leads to the
formation of a strong Brønsted acid site able to “adsorb”
additional water molecules [8,11,12], as well as other spe-
cies [13].

Unlike a zeolitic L-site, a tricoordinated boron atom does
not bind a single water molecule: a weak VdW complex is
formed instead (see Fig. 4). Its dissociation energy, 41 kJ
mol−1, is not greater than the energy of two H-bonds found in
the complex. (The dissociation energy of a free water dimer is
32 kJ mol−1 at the BLYP/6-31G** level.) The BO3 fragment



204 Ya. V. Tikhii et al.

Fig. 4 B3–NH3 (left) and B3–H2O (right) complexes (distances in pm)

of the cluster is not remarkably affected by the complexation;
the B–O bonds are not perturbed and the sum of the OBO
angles remains at 360◦ (see Table 1).

As soon as water loading increases to two molecules per
L-site, one of the water molecules becomes engaged in the
interaction with the boron atom of the cluster (see Fig. 5). The
corresponding O · · · B distance decreases to 172 pm, indi-
cating the formation of a coordination bond between the
two atoms. The BO3 fragment of the cluster deforms as the
boron atom leaves the plane; the sum of OBO angles de-
creases to 345◦. This is concomitant with the B–O bonds of
the cluster elongating by 4–7 pm each. The total dissociation
energy of the B3–2H2O complex is 96 kJ mol−1. Accord-
ingly, the energy released upon binding the second water
molecule amounts to 55 kJ mol−1, which is even more than
the dissociation energy of the complex involving a single
water molecule. It can be clearly seen that addition of the
second water molecule qualitatively affects the properties of
the model adsorption system. A search for alternative struc-
tures resulting from the interaction of two water molecules
with the B3 cluster has shown that the structure in Fig. 5
corresponds to the global minimum on the potential energy
surface of the adsorption system under study.

Addition of the third molecule of water to the system
under study results in further changes in the system’s param-
eters (see Fig. 5). Namely, the O · · · B coordination bond
becomes as short as 164 pm; the B–O bonds of the cluster
elongate slightly, by 1–2 pm each; the sum of the OBO angles
in the cluster decreases by 3◦. Such changes are less consid-
erable than those to happen upon addition of the second water
molecule. The energy released upon binding the third water
molecule, 57 kJ mol−1, still is not less than that for the second
molecule. Therefore the water oligomer could grow larger in
the field of a boralitic L-site if excess of water were present.

The growth of the water oligomer is accompanied by
changes in its inner part due to solvation effects. Specifi-
cally, the H-bond between the first and second water mol-
ecules becomes shorter (see Fig. 5) while a positive charge
on the bridge H atom increases from 0.35 to 0.38e. This
can indicate the increase in proton acidic properties of the
water molecule coordinated to the L-site. However, the said
positive charge is not as great as that in the respective zeolitic
complexes, namely 0.42e in Z3–2H2O and 0.46e in Z3–3H2O.

Fig. 5 B3–2H2O (left) and B3–3H2O (right) complexes (distances in
pm)

In agreement with the role of boron substitution to moderate
acid sites, a boralitic L-site imparts lower acidity to a water
molecule when compared with that imparted by a zeolitic
L-site. Nevertheless, the effect of both sites on a water mol-
ecule is substantial.

The overall picture of water interacting with a trigonal
boron atom within a boralite framework is in accord with
the experimental observations discussed earlier. The Lewis
acidity of such a boron atom is not high enough for it to
bind a single water molecule. On the contrary, two or three
water molecules at the boralitic L-site form a rather stable
H-bonded complex that is linked to the boron atom through
a coordination bond. Upon the formation of such a complex,
the B–O framework bonds elongate considerably, which may
represent the initial step in the removal of boron from the
boralite framework due to its hydrolysis (see Table 1).

7 Conclusions

For the first time the adsorption properties of an L-site at a
tricoordinated boron atom within a boralite framework were
investigated quantum chemically, using DFT. The results ob-
tained are in agreement with known phenomena, supporting
the application of DFT to studies of boron substituted zeo-
lites.

Weak basic test molecules, such as CO and C2H4, were
shown to be unsuitable for the spectroscopic investigation
of boralitic L-sites since the latter failed to bind weak bases
or affect their observable properties noticeably. At the same
time, a strong base as ammonia was found to form a stable
coordination complex with a boralitic L-site. While the com-
plex is less stable than that of ammonia and a zeolitic L-site,
its properties should allow for distinguishing ammonia bound
to boralitic L-sites by means of IR spectroscopy.

In our model, water starts to interact with a boralitic
L-site at the loading of two molecules per site. This is in
keeping with experimental observations on the changes to
the local structure of boralites upon their dehydration and
re-hydration. The interaction with water weakens the bonds
between the boron atom and the surrounding framework.
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Consequently, the removal of the boron atom could become
more facile under hydrolysis conditions.

There still are interesting phenomena left beyond the
scope of the present work. In particular, the synergy between
aluminum based and boron based adsorption sites in partially
substituted zeolites [14] remains largely uninvestigated at the
molecular level. It is a challenging subject for future studies.

Acknowledgements We thank the Russian Foundation for Basic
Research (RFBR) for supporting this work financially under project
03-03-32911.

References

1. Lunsford JH (1968) J Phys Chem 72:4163–4168
2. Kühl GH (1977) J Phys Chem Solids 38:1259–1263
3. Kazansky VB (1988) Catal Today 3:367–372

4. Howden MG (1985) Zeolites 5:334–338
5. Wendlandt KP, Unger B, Becker K (1990) Appl Catal 66:111–122
6. Datka J, Kawałek M (1992) Collect Czech Chem Commun 57:745–

749
7. Simon MW, Nam SS, Xu W et al (1992) J Phys Chem 96:6381–

6388
8. Tikhii YV, Kubasov AA, Stepanov NF (2003) Russ J Phys Chem

Eng Ed 77:1340–1343
9. Jaguar 3.5 (1998) Schrödinger, Inc, Portland

10. Laikov DN, Ustynyuk YuA (2005) Russ Chem Bull 54:820–826
11. Stepanov NF, Novakovskaya YV, Kubasov AA et al (1998) Internet

J Chem 1:14
12. Domracheva TM, Novakovskaya YV, Kubasov AA, Stepanov NF

(1999) Russ J Phys Chem Eng Ed 73:1115–1120
13. Tikhii YV, Kubasov AA, Stepanov NF (2003) Russ J Phys Chem

Eng Ed 77:1455–1459
14. Xu WQ, Suib SL, O’Young CL (1993) J Catal 144:285–295



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


