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ademyE-mail: andrewvbo
hkarev�to
hka.ruAb initio 
al
ulations of isotope redu
ed partition fun
tion ratios (β-fa
tors) andseparation fa
tors of isotopes of sili
on and boron in the systems �uoride of theelement � its 
omplex with organi
 solvent have been 
arried out. These systemsare used for separation of isotopes of boron and sili
one by the method of 
hem-i
al ex
hange re
ti�
ation (
hemi
al isotope ex
hange method with thermal phasereversal).It has been shown that usual ab initio 
al
ulations of vibrational frequen
iesof the �uoride of boron or sili
on and their 
omplex with solvent 
annot predi
texperimental values of isotope separation fa
tor. For the 
orre
t des
ription it isne
essary to take into a

ount the polarizing e�e
t of solvent on the 
omplex. Tostudy this e�e
t the Polarized Continuum Model (PCM) has been used. In all
ases our theoreti
al results 
orresponded quite well with experimental results forthe systems previously studied. This result opens up possibility of dire
ted sear
hfor systems suitable for separation of isotopes by the method of 
hemi
al ex
hangere
ti�
ation.Introdu
tionDevelopment of e�e
tive method for separation of isotopes of sili
on is of greatimportan
e. The problem is that natural sili
on, whi
h 
onsists mostly of isotope
28Si (92.2297 at.%), also 
ontains isotopes 29Si (4.6832 at.%) and 30Si (3.0872 at.%).Using of sili
on with natural isotope 
omposition as a material for mi
roele
troni
sthe presen
e of a mixture of isotopes in the 
rystal leads to a de
rease of thermal
ondu
tivity, whi
h in
reases the heat dissipation in pro
essors and other 
hips.1



Thus puri�
ation of sili
on not only from 
hemi
al impurities but also of 29Si and 30Siis an important topi
al problem able to a
hieve a breakthrough in mi
roele
troni
s.Isotopes of boron are widely used in various �elds of s
ien
e and te
hnologybe
ause of strong di�eren
es in their nu
lear properties (the absorption thermalneutron 
ross-se
tion for nu
lides 10B and 11B di�ers by 80000 times). Main ap-pli
ation of nu
lide 10B is nu
lear power (
ontrol rods and 
oatings that prote
tagainst neutron radiation). Is used and the isotope 11B (neutron di�ra
tion studies,mi
roele
troni
s et
.). Isotope e�e
ts of boron in nature are used as a method ofresear
h in geo
hemistry [1℄.The most inexpensive and e�e
tive method of isotope separation is 
hemi
alisotope ex
hange, in parti
ular � 
hemi
al ex
hange re
ti�
ation (
hemi
al isotopeex
hange method with thermal phase reversal). In the pro
ess of isotope separationby method of 
hemi
al ex
hange re
ti�
ation ex
hanging 
hemi
al forms are gaseousvolatile 
ompound 
ontaining target isotope, and solution of labile 
omplex of thissubstan
e in non-volatile1 (as a rule, organi
) solvent. Compared with systemsusing 
hemi
al reversal of the �ow, 
hemi
al ex
hange re
ti�
ation 
hara
terized bysimpli
ity of implementation, absen
e of dump and several other advantages and
ompared with the usual re
ti�
ation � high value of isotope separation fa
tor.The aim of this work was to develop the method for ab initio 
al
ulation ofisotope separation fa
tor in the system using 
hemi
al ex
hange re
ti�
ation, thatwill allow for the predi
tion and the dire
t sear
h for promising systems for isotopeseparation.Addu
ts of sili
on tetra�uoride and boron tri�uo-ride and possibility of their use in the systems with
hemi
al ex
hange re
ti�
ationSili
one tetra�uoride forms addu
ts with various substan
es 
ontaining the donoratom (N or O) [2℄. Sili
one atom in the mole
ule 
an in
rease its 
oordinationnumber to 5 or 6 using two (of �ve) va
ant d-orbitals.Boron tri�uoride forms 
omplexes with various 
ompounds 
ontaining donor1at the temperature of the pro
ess 2



atom of oxygen (Fig.1) or nitrogen [3℄. Ethers [4℄, espe
ially anisole [5℄ are used inpra
ti
e for separation of isotopes of boron. Now sear
h for 
omplex-forming solventsmore e�e
tive from pra
ti
al and e
onomi
al points of view is 
arried out. In par-ti
ular, systems using 
omplexes of BF3 with trialkylphosphates and nitromethaneare under study [6℄.Addu
ts with oxygen-
ontaining substan
es (donor atomO)Complexes of sili
on tetra�uoride with aliphati
 al
oholsSili
one tetra�uoride is readily soluble in aliphati
 al
ohols. It was previously as-sumed that it forms 
omplexes of type SiF4·4ROH [7℄, 
onne
ted by strong hydrogenbonds H· · ·F, with tetrahedral 
oordination of sili
on atoms is not 
hanged. But abinitio 
al
ulations of 
omplexes of SiF4 with al
ohols 
onsistently indi
ate that 
om-plexes with 
oordination number 6 in whi
h two mole
ules of al
ohol 
oordinated bysili
on atom via oxygen atom (see Fig.2) are more stable than �hydrogen-bonded�
omplexes.The evident advantage of al
ohols is lability of SiF4�al
ohol 
omplexes, whi
hprovides good kineti
s of pro
ess of 
hemi
al ex
hange re
ti�
ation. Therefore al
o-hols attra
ted the attention of resear
hers, and in series of papers [8�10℄ the resultspresented in Tab.1 were obtained. As 
an be seen from the Table, 
hemi
al ex
hangere
ti�
ation in the system SiF4(gas) � SiF4 · 2ROH(liq.) provides high isotope sep-aration fa
tors. These values are approximately an order of magnitude ex
eed theseparation fa
tors to be a
hieved by other methods.Table 1. Experimental values of ln α28−30 in sys-tems SiF4 (gas) � SiF4 ·2ROH(liquid), measuredby single equilibration methodAl
ohol T, K ln α Al
ohol T, K lnαCH3OH 293 0.022 [8℄ C5H11OH 277 0.040 [9℄C2H5OH 293 0.016 [8℄ 293 0.017±0.010 [10℄297 0.020 [9℄ C6H13OH 293 0.017 ±0.010 [10℄C3H7OH 297 0.020 [9℄ 293 0.039 [10℄C4H9OH 270 0.034 [9℄ C8H17OH 293 0.019±0.020 [10℄3



277 0.031 [9℄ iso-C3H7OH 293 0.010 [8℄293 0.017±0.004 [10℄ iso-C3H7OH 297 0.007 [9℄296 0.024 [9℄ se
-C4H9OH 297 0.009 [9℄297 0.024 [9℄302 0.021 [9℄Today all works on using al
ohols as a 
omplex-forming solvents for 
hemi
alex
hange re
ti�
ation are experimental, sear
h for systems with high separationfa
tors is purely empiri
al. Reason for this is that the ab initio 
al
ulation of isotopeseparation fa
tors in su
h systems gives the results are far from those obtainedexperimentally.From our point of view, this is due to the fa
t that ab initio 
al
ulation of isotopeseparation fa
tors in the system SiF4 (gas) � 
omplex SiF4-al
ohol (liq.) ignoredthe e�e
t of solvation.Addu
ts of sili
one tetra�uoride with other oxygen-
ontaining sub-stan
esSili
one tetra�uoride forms weak 
omplexes with a
etyla
etone and tropolone, aswell as somewhat more stable 
omplexes of 1:2 type with oxymethylene, oxetane,tetrahydrofurane (THF), tetrahydropyran, dimethyl ether et
., stable in solutionsat low temperatures [2℄.The most stable among these substan
es, SiF4·2(CH2)3O (∆H0 for the rea
tionSiF4·2 ligand (solid) = SiF4(gas) + 2 ligand (gas) is 56.9 kJ/mol) exists up to 13.6°C,others are stable only at the temperatures below 0°C.In addition, sili
one tetra�uoride forms very stable 1:2 
omplexes with pyridine-N-oxide, dimethylamine-N-oxide, trimethylphosphine oxide, tri
y
lohexylphosphineoxide, dimethylformamide and dimethyl sulfoxide. These 
ompounds are white mi-
ro
rystalline substan
es with melting point above 110°C, insoluble in non-polarorgani
 solvents. These 
omplexes are too stable and therefore unsuitable for sepa-ration of isotopes by the method of 
hemi
al ex
hange re
ti�
ation.
4



Addu
ts of SiF4 and BF3 with ammonia and amines (nitrogen as adonor atom)Sili
one tetra�uoride forms strong 
omplexes with ammonia and amines, in whi
hone SiF4 mole
ule bonded with two (rarely one) donor atoms of nitrogen. Most ofthese 
omplexes are solid substan
es soluble in organi
 solvents and stable at roomtemperature.The use of these addu
ts 
an provide signi�
ant isotope separation fa
tor in thesystem SiF4(gas) � 
omplex of SiF4 (liq.), but 
omplexes with N-donor ligands areunsuitable for separation of isotopes of sili
on by the method of 
hemi
al ex
hangere
ti�
ation, be
ause they are too stable 
ompounds and therefore promise badkineti
s of isotope ex
hange.Ab initio study of 
omplexes of sili
one tetra�uo-ride and boron tri�uorideAll ab initio 
omputations were performed using the PC GAMESS2 [11,12℄ program.For basis set sear
h we have performed preliminary 
al
ulations of equilibrium ge-ometri
 parameters and vibrational frequen
ies for mole
ules SiF4 and BF3 usingvarious bases (see Tab.2). As one 
an see from Tab.2, 
ontrary to the expe
ted,introdu
tion of polarization and di�use fun
tions does not improve the agreementbetween the experimental and 
al
ulated results. A

ordingly, we have used basesRHF/6-311 and MP2/6-311. β-fa
tors and isotope separation fa
tors have been
al
ulated as usual (see [13℄). Results of 
al
ulation of β-fa
tors for a number of
omplexes of SiF4 and BF3 with organi
 solvents are presented in Tab. 3 while inTab. 4 we have presented 
al
ulated isotope separation fa
tors together with exper-imental data. Table 2. Vibrational frequen
ies (
m−1) andbond lengths (�A) in mole
ules SiF4 and BF3, 
al-
ulated by ab initio methods using various bases.(In bra
kets we present the degenera
y of 
orre-sponding frequen
y)2now Fire�y 5



SiF4Exp. [14℄ RHF/6-311 MP2/6-311 RHF/6-311++G∗∗

MP2/6-311++G∗∗

ν1(1) 800 834 773 846 781
ν2(2) 264 269 251 281 262
ν3(3) 1014.4 1078 1012 1083 1013
ν4(3) 386.35 401 375 412 383r(Si�F) 1.555 1.5458 1.5739 1.5429 1.5700BF3Exp. [14℄ RHF/6-311 MP2/6-311 RHF/6-311++G∗∗

MP2/6-311++G∗∗

ν1(1) 888 942 877 950 888
ν2(1) 696.7 744 698 741 695
ν3(2) 1463.3 1550 1450 1557 1459
ν4(2) 480.7 502 470 510 476r(B�F) 1.3110 1.2922 1.3137 1.2925 1.3123Table 3. E�e
t of solvent and basis on ln β valuesof 
omplexes SiF4 and BF3 (T=300K)Mole
ule RHF/6-311 MP2/6-311 RHF/6-311++G∗∗

MP2/6-311++G∗∗Substitution 28Si/30SiSiF†
4 0.0889 0.0805 0.0898 0.0810SiF4 · 2CH3OH 0.0716 0.0659 0.0695 �PCM 0.0648 0.0610 � �SiF4 · 2C2H5OH 0.0713 0.0656 0.0692 �PCM 0.0656 0.0609 � �SiF4 · 2C3H7OH 0.0713 � � �SiF4 · 2i-C3H7OH 0.0699 � � �SiF4 · 2a
etone 0.0692 0.0637 � �PCM 0.0677 0.0578 � �SiF4 · 2THF 0.0699 0.0646 � �6



PCM 0.0657 � � �Substitution 10B/11BBF3 0.2417 0.2199 0.2429 0.2213BF3 · anisole 0.2304 0.1899 � �PCM 0.2012 0.1852BF3 · a
etone 0.2058 0.1895 � �PCM 0.2055 0.1840 � �BF3 · CH3NO2 0.2350 0.2059 0.2369 0.2092PCM 0.1968 0.1802 0.2005 0.1832BF3 · THF 0.2090 0.1930PCM 0.2042 0.1871BF3 · NH3 0.2127 0.1972 0.2127 0.1956BF3 · aniline 0.2101 0.1944 � �PCM 0.2096 0.1884 � �
†Value of lnβ for SiF4, estimated from experimental frequen-
ies is 0.082 at 300KTable 4. E�e
t of solvent and basis on separa-tion fa
tors (ln α, T=300K) in the system SiF4(gas) � 
omplex of SiF4 (liq.) and BF3 (gas) �
omplex of BF3 (liq.)Mole
ule Exp. RHF/6-311 MP2/6-311 RHF/6-311++G∗∗

MP2/6-311++G∗∗Substitution 28Si/30SiSiF4 · 2CH3OH 0.022 [8℄ 0.017 0.015 0.020 �PCM 0.024 0.020 � �SiF4 · 2C2H5OH 0.016�0.020 [8, 9℄ 0.018 0.015 0.021 �PCM 0.023 0.020 � �SiF4 · 2C3H7OH 0.020 [9℄ 0.018 � � �SiF4 · 2i-C3H7OH 0.019 � � �SiF4 · 2a
etone 0.020 0.017 � �PCM 0.021 0.023 � �7



SiF4 · 2THF 0.019 0.016 � �PCM 0.023 � � �Substitution 10B/11BBF3 · anisole 0.030 [6℄ 0.011 0.030 � �PCM 0.041 0.035 � �BF3 · a
etone 0.036 0.030 � �PCM 0.036 0.036 � �BF3 · CH3NO2 0.044 [6℄ 0.007 0.014 0.006 0.012PCM 0.045 0.040 0.042 0.038BF3 · THF 0.042 [4℄ 0.033 0.027PCM 0.038 0.033BF3 · NH3 0.029 0.023 0.030 0.026BF3 · aniline 0.032 0.026 � �PCM 0.032 0.032 � �A

ount for the e�e
t of solvateWhen 
al
ulating the vibrational frequen
ies and β-fa
tors of mole
ules in solution,e�e
t of ele
trostati
 intera
tion with solvent on solute mole
ule is usually negle
ted.In most 
ases (solutions in non-polar solvents et
.) this approa
h is quite reasonable.However, when solvent is polar and mole
ule of solute in
ludes polar bonds, in�uen
eof solvent on solute mole
ule may be important. To study this issue with respe
t to
omplexes of SiF4 and BF3 we have used 
ontinuum model of solvation.Continuum models of solvation form a 
avity 
ontaining the solute mole
ule,while the solvent outside the 
avity is thought of as a 
ontinuous medium and is
ategorized by some physi
al data (the diele
tri
 
onstant et
.). The ele
tri
 �eld ofthe 
harged parti
les 
omprising the solute intera
t with this ba
kground medium,produ
ing a polarization in it, whi
h in turn feeds ba
k upon the wavefun
tion ofthe solute.Currently one of the best models of this type is Polarizable Continuum Model(PCM) [15�17℄.This method pla
es a solute in a 
avity formed by a union of spheres 
entered on8



ea
h atom. Compared with other models, PCM model also in
ludes a more exa
ttreatment of the ele
trostati
 intera
tion with the solvent, as the ele
trostati
 poten-tial of the solute generates an �apparent surfa
e 
harge� on the surfa
e of the 
avity.The 
omputational pro
edure divides this surfa
e into small tesserae, on whi
h thesurfa
e 
harge (and 
ontributions to the gradient) are evaluated. Pro
edures areprovided not only for the 
omputation of the ele
trostati
 intera
tion of the solutewith the apparent surfa
e 
harges, but also for the 
avitation energy, and dispersionand repulsion 
ontributions to the solvation free energy.PCM model is implemented in the program PC GAMESS (se
ond order Møller-Plesset perturbation theory (MP2) � starting with version 7.1). Re
ently, thismodel has been su

essfully applied for theoreti
al 
al
ulation of separation fa
torof iron isotopes in the system Fe2+ �Fe3+ [18℄.In PCM model solvent 
hara
teristi
s are e�e
tive radius of solvent mole
ule(RSOLV) and diele
tri
 
onstant (EPS). Cal
ulation of some additional propertiesin 
ase of non-polar solvents (were not 
al
ulated in this study) requires also dataon square of the zero frequen
y refra
tive index, thermal expansion 
oe�
ient, mo-lar volume, surfa
e tension and its thermal 
oe�
ient, and the so 
alled �
avitymi
ros
opi
 
oe�
ient�, usually taken to be zero.Currently the data for following solvents studied in this work are initiallystored in GAMESS program: CH3OH, C2H5OH, CH3NO2, C6H5NH2, a
etoneand tetrahydrofurane. For anisole we have used the following values: EPS=4.30,RSOLV=2.83�A.Results of 
al
ulations using the PCM model are shown in Tab.3. As one 
an seefrom this table, the e�e
t of solvent on value of ln β and isotope separation fa
torsin systems with 
omplexes of SiF4 and BF3 is de
isive. So, for the isotope ex
hangeof SiF4 with methanol 
omplex SiF4·2CH3OH without taking into a

ount the e�e
tof solvent at 300K ab initio 
al
ulation predi
ts separation fa
tor lnα28/30=0.017,while taking into a

ount the e�e
t of solvent predi
ts ln α28/30(PCM)=0.024. A
-
ordingly, for 
omplex with ethanol ln α28/30=0.018, ln α28/30(PCM)=0.023.For 
omplexes of SiF4 a

ount for the e�e
t of solvent with the use of the PCMmodel in
reases bond length Si�F. Simultaneously, bond lengths Si�O (or Si�N)de
rease (see Tab.5). As for vibrational frequen
ies, they de
rease, that leads tode
rease of the ln β value. Similar e�e
t is observed in the 
ase of the 
omplexes of9



BF3. Table 5. Bond lengths Si�F, B�F, Si�O andB�O and vibrational frequen
ies (
m−1). Thistable shows only the frequen
ies of 28Si and 11Bisotopi
 forms whi
h 
ontribute more than 5% tooverall value of lnβ at 300KMP2/6-311 PCM MP2/6-311SiF4 · 2C2H5OH 504(12%), 869(31%),892(31%) 484(15%), 828(32%),836(24%), 853(10%)r(Si�F)=1.659�1.663�A r(Si�F)=1.668�1.669�Ar(Si�O)=1.914�A r(Si�O)=1.883�ABF3 · anisole 606(7%), 1238(7%),1248(32%), 1301(21%),1323(22%) 653(6%), 854(6%),1179(7%), 1187(9%),1198(20%), 1232(18%),1259(23%)r(B�F)=1.350�1.365�A r(B�F)=1.361�1.372r(B�O)=1.698�A r(B�O)=1.622Disadvantage of al
ohols for separation of isotopes of sili
on is their possibilityto rea
t with sili
on tetra�uoride giving 
ompounds with siloxane bond followingby formation of a 
omplex. In this regard, the pra
ti
e is to use al
ohols with highmole
ular masses (C4 �C7). In [9℄ is reported that al
ohols of normal stru
tureprovide a higher separation fa
tor than the al
ohols with a bran
hed 
arbon 
hain.However, this result is 
on�rmed neither by results of 
al
ulations presented in Tab.3nor by measurements of separation fa
tor in isotope ex
hange 
ounter
urrent 
olumnin the same work [9℄. Isotope separation fa
tor of sili
on in the system SiF4(gas) �SiF4 · 2ROH(liq.) is almost independent of R. This makes it possible to 
hoose a
omplex-forming solvent based only on te
hnologi
al 
onsiderations.It is also evident that the use of tetrahydrofurane and a
etone as 
omplex-formingsolvent gives the same separation fa
tor, as well as al
ohols. It draws attention tothe sear
h for promising systems for isotope separation, not 
on�ning ourselves toonly al
ohols as 
omplex-forming solvents.
10



Con
lusionAs seen from the stated above, ab initio methods 
an be very useful for assessmentof in�uen
e of di�erent ligands within a given stoi
hiometry of the 
omplex. Theyalso make it possible to study the variability of lnβ depending on the ligand. Thismakes it possible to �nd system having optimal isotope separation fa
tor.It is shown that ab initio 
al
ulation of isotope separation fa
tors in systemsin
luding weak-bonded 
omplexes, it is ne
essary to take into a

ount the e�e
t ofsolvent that determines the nature of the observed isotope e�e
t.Referen
es[1℄ Musashi M., Matsuo M., Oi T., Nomura M. An anion-ex
hange 
hromato-graphi
 study on boron isotopi
 fra
tionation at 2MPa at 293k // Journal ofChromatography A. � 2006. � Vol. 1131, no. 1�2. � Pp. 97�102.[2℄ Ennan A.A., Kats B.M. Sili
on Tetra�uoride Addu
ts // Russian Chemi
alReviews. � 1974. � Vol. 43, no. 7. � Pp. 539�550.[3℄ Meng F., Bu Y., Liu C. Theoreti
al study of the pyridine-BF3 
omplex //Journal of Mole
ular Stru
ture: THEOCHEM. � 2002. � Vol. 588, no. 1�3.� Pp. 1�8.[4℄ Begun G.M., Palko A.A. Raman and Infrared Spe
tra of BF3 Complexes withDiethyl Ether and Tetrahydrofuran, and the Isotopi
 Ex
hange of these Com-plexes with BF3 // Journal of Chemi
al Physi
s. � 1963. � Vol. 38, no. 9. �Pp. 2112�2117.[5℄ Ivanov V.A., Katalnikov S.G. Physi
o-
hemi
al and engineering prin
iples ofboron isotopes separation by using BF3�anisole·BF3 system // Separation S
i-en
e and Te
hnology. � 2001. � Vol. 36, no. 8�9. � Pp. 1737�1768.[6℄ áÎÄÒÅÅ×Á ï.à., âÉÒÀËÏ×Á á.ï., ìÉÚÕÎÏ× á.÷., èÏÒÏÛÉÌÏ× á.÷.æÁÚÏ×ÏÅ É ÉÚÏÔÏ�ÎÏÅ ÒÁ×ÎÏ×ÅÓÉÅ × ÈÉÍÏÂÍÅÎÎÙÈÓÉÓÔÅÍÁÈ ÄÌÑ ÒÁÚÄÅÌÅÎÉÑ ÉÚÏÔÏ�Ï× ÂÏÒÁ. � ÷ÓÂÏÒÎÉËÅ: äÅÓÑÔÁÑ ÍÅÖÄÕÎÁÒÏÄÎÁÑ ÍÏÌÏÄÅÖÎÁÑ11
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Abstra
t of the paper �In�uen
e of solution on isotopi
 properties of
omplexes of SiF4 and BF3 in the pro
ess of separation of isotopes ofSili
on and Boron by the method of 
hemi
al ex
hange re
ti�
ation�Ab initio 
al
ulations of isotope redu
ed partition fun
tion ratios (β-fa
tors) andseparation fa
tors of isotopes of sili
on and boron in the systems �uoride of the el-ement � its 
omplex with organi
 solvent have been 
arried out. These systemsare used for separation of isotopes of boron and sili
one by the method of 
hem-i
al ex
hange re
ti�
ation (
hemi
al isotope ex
hange method with thermal phasereversal).It has been shown that usual ab initio 
al
ulations of vibrational frequen
ies ofthe �uoride of boron or sili
on and their 
omplex with solvent 
annot predi
t experi-mental values of isotope separation fa
tor. For the 
orre
t des
ription it is ne
essaryto take into a

ount the polarizing e�e
t of solvent on the 
omplex. To study thise�e
t the Polarized Continuum Model (PCM) has been used. In all 
ases our the-oreti
al results 
orresponded quite well with experimental results for the systemspreviously studied. This result opens up possibilities of dire
ted sear
h for systemssuitable for separation of isotopes by method of 
hemi
al ex
hange re
ti�
ation.
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Figure 1. BF3 
omplexes with anisole and nitromethane

Figure 2. Complexes of sili
on tetra�uoride with methanol and THF
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