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The chcmic;d dynamics of ~ S i O C O  radicals grafted on the silica surthce was sludicd in 
the 77--291) K temperature lntem.al "Fhc rotation diffusiou coctlicicuts and C[lar:.~ctcristir 
tinlc,, of rotationaJ mohitib, of fl~c rad~cats were cshmatcd 
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Stm.lics of  the mobil i ty  of  radicals  grafted on the 
surface  of  a mineral support  prov ide  in tbrma[ ion  on lhc 
local env i r tmmcn t  of p a r a m a g n c t i c  species. The mobili ty 
or in tens i ty  of rnta t ional  m o t i o n  o f  radicals is usually 
c h a r a c t e r i z e d  by lhc c o r r e l a t i o n  t imc  t. frequcnc.v 
v = ~:--I, and rotat ion diffusion coeff ic ient  D = (6"c) - l .  

Pa ramagne t ic  probes and  labels  arc usually uscd for 
s tudy ing  the chemical  d.vmmfics o f  molecules  in liquids 
alld polymers  :.llld Oil solid surfaces ,  whereas  data on tile 
c h e m i c a l  dynamics  of  radic:ds graf ted  on  a s~flid surE~cc 
are scarce.  The charac ter i s t ic  t imes  and  aclival)o)l en-  
ergy o f  the rotational mobi l i ty  o f  ni t roxyl  radicats .grafted 
Oil llle SiO', SUl'tace by "br idges"  with dil l ' t rent Ic):glhs 
have previously been obtq incd ,  t T he  "r values rallgc f lom 
1 . 6 - 1 0  -s to 3 . 2 - 1 0  -;~ s at 211 ~ depending  on the 
length  o f  the "bridge." and  E:~ = 18--24 kJ reel -1. For  
the ~S iOC"  H, and -=SiOC" Nlc~ radicals  on Ihe act ivated 
Aerosi l  surface al room t e m p e r a t u r e ,  the ~ valtics are 
1 . 3 - 1 0  -'s and 2.5" 10 -a s, respect ively.  1 Compar i son  of  
lhc  results  of  qua l l tUnl -chemica l  ca lcu la t ions  and ESR 
spec t roscopy  data made  it possible  to cstablish 3 the 
c o n f o r m a t i o n  o f t t l c  ~ S i O C H  2 radicals  gralicd on the 
SiO-, surfuce and conc lude  tha t  the  rota t ional  mobilil~, e l  
the radical  can bc re tarded by its in terac t ion with the 
po ten t i a l  field of the ac t iva ted  surface.  

In this  work, wc s tudied  the  chcmica t  dynamics of  
- = S i O C ' O  radicals gral ted on  the  Acrosil  surface in a 
wide t empera tu re  range. 

E x p e r i m e n t a l  

Aerosit A-175 w-~s used. The ~-SiOCO radicals were gener- 
ated by the illtt:ractiorT of---SiO radicals (oblaincd by photo- 
chcrnical activation o1 tile Acro:-;it surf'acc) with CO from the 
_-,:is pimse at room temperature and CO pressure of -I N in--'. 
The procedure of the photocbcnlicat acti,.afion of the Acro~il 
.;urlktcc has bccn described previously. 4 This method of,\crosil 
surface activation also gi\cs a Mitlor amount oI" silv] r:,dicals 
~ S i  (Fig.  1. a, b). Ho',~ever, their interaction with CO is 
reversible, and at -300 K and a CO pressure of< 133 "4 m--" the 

cquilibrium is almost completely shifted toward the starlin,_, 
rcaclmlrs 5 Since after the intcrac!ion of (70 'with the ~-SiO ;llld 
-=St" radicals the sample v,.:lS CValCtl:llcd ,t[ IO1.)111 l(2111pCf~llUre Io 
a prcnsurc El N m - 2  we bclic~,c fl',;ll at [c;),4 95% of lhc ~)T:fl 
Ilulllbcr of [)ilf..llll~lgllelic (2t211lcrs. LtfC :sSiO(_" "O radicals. 

g~.l---Sm ' '~ d 

t 2 G ' !  

�9 , . ~ ( r = S i  ' ) b 

d 
74:, = i 

Fig. 1, ESR spectra o f - ~ S i O C O  (a. ,5) and ~ - S i ( ) i ; c o  (c) 
radicals recorded ;it 77 to. c) :.lnd 295 K tb). 
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I-SR spectra in the X-ral~gc were recorded on an E-3 
radiospcctromcter (Val'ia~l) wilh a high-frequency nmdulation 
oF ll)O kHz tllldCi" coilditions excluding ~,attlrall(.Hl illld i]l,,)dtl[;I- 
l(Oll bload,.211illg. T,) dclcl'llliltC the Ct)llll")(.')tlCll|S '.'Jr lhc g tCll'-;of 
:In I'k'fCft.'llCC p o i n l s ,  wc tl'-.L'd 11112 kll(r'&ll cfii:ctivr vaJtlr O( the  
S l'aclor~. I~.~r the third :tlld {Ourth H[:S components  o1 
diamagncticaily ditutcd Mn: -  tom. in ,M.gO: ,g, = 2.0328• 
amd .'-'4 ~ 1.9,RI2+() OOI)l, the v:ltuc between thorn being 3 t / ;_  a = 
8676• (i al 20 "C (dam from the AII-Lni(m Research 
IllSliltllc c}1" Phyxicotechnical aild R,idio Enginc,,'riFig ,Measurc- 
mcmn): aim ."u = 2.00055 lor the silyl radical (=-SiO):Si" ~ 
[SR spectra ,,,,ere recorded at dit]i.:rco.t Icmpclaturcs in a l)cv, ar 
tube placed directly illlO lhc radiospcctromclcr ca\.i[y. The 
Iclllpqraltlrc '.a'a', maiiHaincd with an accuracy of • "C using 
:m E-4557-9 atl4chrllcHl (Variall I. 

R e s u l t s  and D i s c u s s i o n  

Conf i }rmat ion  o f  radica l  -~SiOC'O.  The l ine shape  in 
the ESR s p e c t r u m  of  thc ~ S i O C ' O  radical r e co rded  at 
77 K (see Fig. I, a) indicates  a triaxiat an i so t ropy  e l t h e  
g tensor. [ h e  effect ive values of  the c o m p o n e n t s  o f  the g 
tensor  were d e t e r m i n e d  by the positions of  tile cha rac -  
teristic poim~ in the ESR spectrum at 77 K (g,.v = 
2 .0 ( )32_(L0002 ,  gr,. = 2 . 0 0 2 0 •  a n d  ,v:: = 
1.99S420.000l ), wh ich  agree ~,atislactorily with  the  prc- 
,,iously d e t e r m i n e d  ana logous  vah,esT: 2.0031, 2.()012, 
and 1.9977. rcspcct ivcly.  The spccl rum oF the  radical  at 
room t empe ra tu r e  (see Fig. I, h) is not b, o t rop ic :  thcre-  
Ibrc, it is i tnpossiblc  to est imate the isotropic g t a t t e r  
,.~ith good accuracy .  

13a~,ed on c o m p a r i s o n  of  thc expcr imcnta l  da ta  ;.llld 
results of  scmiempi r i ca l  ca lcula t ions  by the dens i ty  f tmc- 
tiollal theory  t ak ing  into account  the p- :.llld d-orbi t : t l s  
(the D F T  m e t h o d  in the PBE approx ima t ion ) ,  wc de-  
scribed the con f igu ra t i on  of  the =-SiOC O radic-fl grafted 
on the Aerosil sur lhcc.  The main cri terion lor  c o m p a r i -  
son o[  tile ca !cu la tcd  and cxpcrinlcni ' f l  da ta  was the 
isotropic H F C  c o n s t a n t  aiso on the I~C nucle i  de ter -  
mined troll] the  s p e c t r u m  of  the - - -SiOl~CO radica l  (scc 

_ = . _ I .~ ) / -  = Fig. l ,  c): a , ~ , ,  = (2.41 + AI:)/3 12"- ' IS  + ~ - ' "  
216 G. To reprcscn t  the surface Si a tom in the SiO~ 
lattice, we used ~ the  F:Si t ragmcnt  in q t lan lu t l l -chcr l l i -  
cal ca lcula t ions .  The  calculated t t F C  cons t an t  wi th  the 

13C nuc leus  in the F 3 S i O C O  radical with  a confo rma-  
t ion co r r e spond ing  to its m i n i n m m  energy  agrees satis- 
factorily with  the cxpcrimcnt:fl  value (Table  I). 

R o t a t i o n a l  mobil i ty  o1" radica l  = S i O C ' O .  The ESR 
spectra a t - 1 2 0  K exhibit t r ans fo rma t ion  from the t riaxml 
,, t ensor  to that  with axial svmmetr , ,  I Fb, 2). whicil 
indica tes  the  almost comple te  averaging of  the x and y 
c o m p o n e n t s  of  ti3e g tensor,  occur r ing ,  in our  opinion.  
bccausc o f  the rotation oF the radical  f ragment  about  the 
S i - -O  bond .  The band assigned to to rs iona l  vibrat ions  of  
the m o l e c u l a r  f ragments  about  the s i loxanc bond  in the 
a lkyls i loxanc molecules  in the gas phase  lies ̀) in the 
region o f  8()--I()(1 c n l - l ;  hence ,  we accept  the prc- 
exponen t ia l  factor v 0 = l012 s --t. Tak ing  into accouzlt 
that  the frequent,,, of  averaging v ib ra t ions  should  be at 
lcast equal  to v:m,~o = [('-,'vx - g.r:.)/,,'l " 9.5 �9 l0 ~ = 6 - I(.)" s-I  
(,g = 2.00, 9 .5-  1(}" is the mic rowave  f requency  of  the 
r ad iospec t rometc r ) ,  we c:m es t imate  the activati tnl  cll- 
c~gy of  such  a mot ion ',m <12 kJ reel - I .  

Vehcn the tempera ture  increases  f rom 77 to 239 K. 
the l ines arc broadened  and draw toge the r  (see Fig. 21. 
which is duc at first to averaging of  the g.v:, and ,%y 
c o m p o n e n t s  (below -120 K) and  thep, to a~craging of  the 
parallel (g,,{ : ,,<:),, and pc rpcnd icu la r  (g.L. = t,,u" + ,"m), '2) 
c o m p o u e n t s  of  l h c g  Iellsor. Thc changes  found in the 

1 

3 G = H 

2 

.1 

Table i. Structural parameters, oF F,SiOC'O radicals and the 
HFC constant (.m the I~C ntlclci cMcul'atcd by the dclmity 
functional theory 

Paranlctc r Value 

Bond Icngth/A 
Si--O 1 . 6 7  

O--C 1.37 
C=O I. 18 

Angle/dcg 
Si--O--C 123 
O - - C - O  127 
S i - - O - C - O  () 

a~,,/G 207 

Fig. 2. Simulalion of the ESR spcctca of ~Si( .)CO radicak 
recorded al 77 (h ,  129 (2). 151 {3). and 239 K {4). The 
cxpcrilllClnal spectra, lmc: calcuhllloll, points. 
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spectra are stipulated b v an increase in the intensity of  
the lhcrnml motion of" the grafted radicals with tempera-  
lure increase. 

The rotation mobil i ty of the radicals was quanli la- 
l ively characterized by two mcihods. The first of  thorn is 
based Oll thc adaptation of  the equat ion  l0 for calculation 
of  the characterist ic mobility tinle o f  radicals with axial 
syrnmetry o f  lhc g tensor, as il has been done previ- 
ously3: 

z = {2 - i "2" l l (~> / - I~ l i2  - tS/t~)?l 1'2}- i .  (11 

whore y = 1.7(-," 107 reds  -I G -I is thc gyromagnetic 
ratio Ior a free eleclrort, and 8H  0 and 8I-t e arc the 
distances between the lines fin magrtetic field strength 
units) in the absence anti presence o f  mutual lral:sfor- 
martens o f  radicals ,,vith parallel and perpendicular ori- 
cnlat ions of  their magnetic morrlcnts, i.e.. 8It,. = t i ! -  I-1~_. 

A disadvantage of this method  of  csl ima/ion ot":  is 
the necessity to know the value of,5//,~. Meanwhile. in 
our case the partial averaging o f  the Zccman interaction 
anisolropy due to the rotation o f  the grafted radical 
canne l  be excluded even at 77 K. To calcutalc the 
character is t ic  l ime c of  the re la t ional  motion of  the 
radical, wc used lhc value of23H o = 3385 0.5(gv~ + g.t~) -- 
$:::1/2.00055 = 7.1 G (for specific experimental  con-  
d i t ions ,  we may accept  with good  aCctlr:lcy tha t  
gH = 6771.9). Wc assumed lhat at 77 K the avcra,.ging o f  
tt~c components or  the g tensor iS illsJgnilicatlt as coii i- 
pared to the difference I).5{7~ -~ err) - <' 

] ' he  second method is tile detormi i la l ion of llle rota- 
tioll dit'fusioll cocfficicnt D by compar iso i l  ofc',cpcrimcil- 
tal ESR spectra recorded at different  temperatures with 
the calculated spectra. The exper imenta l  ESR spectra 
were s imulated by lhc nonl inear  Icasl-squarcs method 
using the Freed simulation program (vcrsion 1.6l It* 
under  the assumption of  Brownian r:ldical motion. The 
initial approximat ion was the c o m p o n e n t s  of l l lc  g tensor 
and the individual linewidth found from the experimen- 
tal spec t rum recorded at 77 K. The  components  o f t hc  D 
lcnsor  (rotat ion diffusicm tensor) angles determining the 
mLitual o r i c m a t i o n  of" the g and D teqsors ( Fulcr angles), 
and parameters  characlcrizing the individual lirle shape 
could be variables in sinlulation. Analysis of  the correla- 
tion matr ices  obtained by c o m p u t e r  simulation of tile 
ESR spectra and vistial comparison of  the experimental 
and calculated spectra suggested that lhc experimental 
spectra should he simulated under  thc assumption o f  
axial s vnm+etry of  the D tensor and at unchanged Euter 
angles. Since the dihedral S i - - O - - C - - O  angle in the 
F 3 S i O C ' O  radical is equal to 0 ~ (see Table I), the angle 
between the .: components  of  the g tensor and lhc 
re la t ion diffusion tensor is the most impo,'lant, being 
equal lo -17  ~ in our experiments .  

' The authors thank Proi\ A. Kin. Vorobiev for adaptation of the 
program of calctilalion of anisotropir ESR spr for solution 
of the problems formulated in this work. r i le  >>imulation procc- 
dtlre has bc~.'n pul)lishcd in detail previously. IZ'I3 

Table 2. Relation diffusion cocllicicnl~, and ch<uaclerislic times 
of the rol;.llional luobilhy of-=SiOC ' 0 radical'; 

7)'K D" If1('/>, - i  ~" 10x,'s 

l ) ,  D,, l )< , ,  I* I I "~' 

129 0.36 5. t 1.94 ,";.59 2.7S 
140 0 31 5.6 2.07 8.O4 2.36 
151 0.95 7.1 3.0 5.56 2.47 
162 1 21 6.5 2.97 5.00 2.O5 
173 157 6.3 3.15 5.30 2.05 
184 1.92 6.1 3.31 5.il3 I 89 
195 1 89 61 329 5.06 I.g0 
206 2.91 4.1 3.31 504 I 7g 
217 3.31 3.2 3,27 5.09 1.77 
22,'.; 4.42 3.9 4.25 3.92 I.~7 
239 4.49 40 4.33 3.,15 - -  

* L)clcrmincd Ilt Ull lhc 
: = 1 6 1 2 l ) ;  + l)lll..i3l-I 
" '  Calculated by lorinul:i (I i. 

a,+el'agc ditTu:,ion coefficient 

Thus, in calcLll4tjcms v.'c varied tile dynamic param- 
eters (the rotation diffusion coetticienls ~, aud D.) and 
used the most general forms o f  the shape of the indi-- 
vidual line. vi,:., the convolt l t ion o f  the Lorcntzian and 
GatlsSiql, fLIncttons. -l'hc s inmlal ion of  the spectra Lit 
dilTcrenl lemperaitlrcs is presented ill Pi,.-_,. 2. 

The z values calculated by Ibrmut:l (1) and oht:l ined 
by computer simntatioil of  ti le ESR spectra usillg the 
wel l -known program It differ 2.5--3.5--fold. The results 
indicate thcli the characteristic times calculalcd by for- 
mute (1) can he used :is satisfaclor3, cslimates o f  the 
rotational mobil i ty of  radicals. 

The values of  rotation diffusion cocfllcicnt~ indic;ire 
tile existence of at least two types of  molions pal l ic ipa l -  
ing ill tile averagJn 7 of  the anisotropic Zgornall intorac- 
l ion ill lhe -=SiOCO radical. In addit ion, despite the 
calculated and recorded at 77 K spectra coinciding un- 
satisfilclorily, it is seen thai oven at this temperature thc 
radicals retain a higtl mobi l i ty (Di! and #z arc - 3 - I ( P  
rmd -2 " 10 5 s ' i ,  rcspcctivel.,~). The plots of  InD/( D, is ~; 
or D,+) vs inverse temperature t F-ig. 3) give the activation 
energies of tile types of  motions ch',lracterizcd by the 
co,'rcsponding rotation diffusion cocfficicnls of tile radi- 
cals, which arc equal to -0 and 6.3 kJ nlol -I.  The last 
value can be attrihutod to rotat ion of  the L,'ralicd radical 
about the Si--O bond. II is kl lown thai the rotat ion 
harrier of  SiR~ groups (R = H. CI. arid Me) i l l  
alkylsiloxanc nlolecutcs in tile gas phase aboul tile silox- 
ane bond is vcr3' low (45.4 kJ s o l - i )  1 4 - ~ ' '  duc to the 
specific structure of ' the si loxane bond, and tile S i - - O - - C  
anglo can vary in wide intervals from 12t ~ to 132 <'. Tile 
lransfc~rmation of the ESR spectrum of the radical with 
the triaxiql ,g tensor into that with the axial-symmetry 
g lCllsor found by us at 120 K restllts in a rotalioi~ 
aclivatioll  energy of  <_t 2 kJ s o l  - i ,  which does not c o n -  
tradict tile data presented above. 

Howc',,cr, complete  averaging o f  tile Zccman in terac-  
tion anisotropy was not lotlnd in tile ESR spectra o f  the 
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Fig. 3. rcmpcr: l lu:e ph)t.,, of  the fOtaliOll diffusion cocll icicllts 
Oil (1) :llld D< l ) l  in Hie Arrhcnius ct)ordillate:~. 

z S i O C ' O  radicals in the w h o l e  temperature range: at 

290 K 8H c = 2 G. Possible mot ions  resulting in thc 
incomplete  averaging of  the g factor anisotropy can be 
dcformat ional  vibrations o f  the S i - - O - - C  angle or  tor- 
sional v ib ra t ions  about the O - - C  bond  (changes in the 
d ihedra l  S i - O . - C - - ( )  angic)  w i t h  the ampl i tudes  dc- 
pending cm the lhcrn ia l  motion cncrgy. These motions 
do not require m-crcoming o1 lhc activation barrier 
bcc:ltlsc they occur near the min in lum of tile potential 
surl 'lcc, but their amplittidcs arc restricted by intraradical 
interactions and, most likely, by inter:lotion of  the radi- 
c:fl with the potential ficld of  the surface. In our opinion,  
such mot ious  C.tlllllOl c o m p l e t e l y  average ti~c g l hc to r  

l 'hus ,  in d~is ~or,.,, we es t imated the ro la i i on  dift'u- 
,;ior~ coef f ic ien ts  in the t cmpc ra tu r c  railgc o f  77--2,111 K 
and suggested the chaructcr o f  ihc mot ions  resulting in 
the par t ia l  avcraLaing o f  the Z c c m a n  in tcracf ion an isot -  
ropy l o t  thc -=S iOC'O radical  gra f ted on the ac t iva ted 
Acrosil SLi rtacc 

The authors, thank N. Yu. Osok ina  for help in cxpcri-  
mcnts and D. A. Tyttrm for calculat ions  by the density 
Jtmctional method.  

This wo rk  was f inancizf l !y suppor ted  by the Federal  
Targcl  Program " In teg ra t ion "  (P ro jec t  No.  A01141.  
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