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The surface properties of various vitreous fibers, suspectkto be
toxic to humans and animals, were investigated by means of p&
magnetic labels covalently linked to the surface. Computeaided
analysis of the electron paramagnetic resonance (EPR) spexpro-
vided structural and dynamic information on the label and its en-
vironment. Calorimetric measurements provided information on
the hydration mechanism. The results were analyzed in termef
(a) different polarity and interaction abilities of surface regions,
(b) presence of ions at the surface, (c) silica contents, (dicinity of
the interacting sites, (e) fiber dimension and morphology othe sur-
faces, and (f) water hydration. The mobility of the labels dereased
due to interaction of the fibers with ions or ionic and polar groups
at the surface. Close interacting sites were identified on thbasis of
spin—spin effects and were distinguished and quantified intengly
and weakly interacting sites. The spin-labeling techniquéndicated
decreased ability of the surface to interact with decreasedilicon
concentration and in the presence of contaminants at the stace.
The interaction with waterrevealed in all cases a substandl hetero-
geneity in hydrophilicity of surface sites. The labels wereot easily
hydrated. Vitreous fibers of various compositions adsorbednuch
more water than crystalline oramorphous silica; water coodinated
to surface cations played a major role in the overall adsorpgbn. The
surface reaction mechanisms were the same on fibers of diffemt
compositions, but the surface composition affected the esit of ad-
sorption. Glass wool exhibited a much higher adsorption cagcity
than rock wool under the same experimental conditions. In co-
clusion, the combination of EPR and calorimetric measuremets
provided insight into the surface properties of silica-basd fibers.
© 2000 Academic Press
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INTRODUCTION

of the particles determine the pathogenic mechanisms (4—
Different surface functions, mainly silanols, siloxanes, danglin
bonds, and transition metal ions, may be involved at differer
stages of the pathogenic process (8). Knowledge of the surfe
properties of the particles, mainly of their surface reactivity, i
hence of paramount relevance in the industrial, environment:
and toxicological fields (4-7).

Most real surfaces being heterogeneous in nature, their |
activity is determined by the type and distribution of various
surface groups and by micromorphology at the atomic level. Pe
ticles with the same chemical composition and crystalline stru
ture have often been found to elicit different biological response
(2—4, 8, 9). These differences are likely due to small variations
surface properties which are rather difficult to evidence. In thi
respect stable radicals (spin labels or spin probes) are suita
for investigating small variations in the microtopography of the
surface they are sitting on (10, 11). The computer-aided analy:
of electron paramagnetic resonance (EPR) spectra of spin lab
attached to surfaces has been successfully employed to prov
structural and dynamic information on different surface func
tions and their environment and to monitor interactions betwee
particles and cells (12, 13).

The present paper reports several kinds of information on tt
state of the surface, obtained by linking a spin label (a stab
nitroxide) to the surface of silica-based fibers. The aim of th
research was to investigate surface characteristics of artific
fibers (mainly glass and rock wool) used as standard samp
forinvitro andin vivo toxicity tests. Most artificial fibers—used
as asbestos substitutes, whether glassy or ceramic—are m
up of mixtures of oxides, among which silica is a major compo
nent. The artificial fibers used in the present study were select
on the basis of their silica content and of their fiber shape ar
dimensions to investigate the effect of these properties on the

Fibrous and nonfibrous silica-based patrticles are extensivelyrface reactivity. Table 1 reports the composition in oxides (pe
used in several industrial processes. Surface reactivity playsesntage in weight) of the fibers (MMVE man-made vitreous
fundamental role in most of these processes. Furthermore, siliteer; JIM= from Johns—Manville Co.), obtained as described i
based fibers, widely used as asbestos substitutes, are knowReft (14); only percentages above 0.5% are reported.
suspected to be highly pathogenic to the respiratory system wheithe Si-OH groups at the surface were attached to an amir
inhaled (1-3). It is generally agreed that the surface propert@®pyltrimethoxysilane group onto which a nitroxide group wa:

1 To whom correspondence should be addressed.
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covalently linked. The labeling ability of different surfaces may
thus be considered a measure of the surface reactivity towe
reagents to be linked to surface silicon groups. Under the
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TABLE 1 lots, as used in the Research and Consulting Co. (RCC) stu
Composition in Oxides (Percentage in Weight) of the Fibers  ies (14b). They were used as received. One short fiber samp
JM104 (Table 1 reports the composition, obtained as describ

» JM104  MMVFI0  MMVFLL ~ MMVF21 ~ MMVF22 i Ref. (14a)), was from Johns—Manville Co. and differed frorm
Sio, 62-65 57-58 63-64 46-47 3g-39 the MMVFs mainly in fiber shape and size and preparation rou
Al,O3 35 5-6 4-5 13-14 10-11  (slow cooling from the meltinstead of quenching). The physico
B20s 5-6 8-9 4-5 — — chemical properties of the fibers were also obtained as describ
K20 0-1 1-2 1-2 1-2 —  in Ref. (14a), such as the size, which was evaluated by SEN
NeeO  14-16 15-16 15-16 >3 . Both calorimetric and EPR data are completely reproducible fc
MgO 2-3 4-5 2-3 9-10 10-11 )

Cao 56 7-8 7-8 17-18 37_3g repeated measurements on different and newly prepared samy
TiO, — — 2-3 — under various experimental conditions.
Fe03 — — — 7-8 —

Note. (MMVF = Man-Made Vitreous Fiber; JM from Johns-Manville Co.); Labeling Procedure

only percentages above 0.5% are reported. . . .
yP g ’ P Several labeling methods have been reported in the liter

. h in-labeli hni hus b ture (15-17). As one of the goals of the research was the pr
circumstances the spin-labeling technique may thus be emaiion of labeled fibers to be used in biological media (12

ployed to evaluate the distribution of silicon atoms at the surfagg,, adopted the labeling procedure reported by Hall an

Thg feature of th? EPR spec.trum. recorded depends on the at%&?erton, which yields covalent-bonded chains stable in aqu
or ions surrounding the linking site; thus, the local topography < media (12, 13). Scheme 1 shows the labeling procedu

of the surface on silica-based fibers was monitored. which is as follows: the fibers were washed thoroughly with di

. The heat of adsorption of water as W?” as the adsorptigi o hydrochloric acid and then with doubly distilled water to
isotherms was measured on some of the vitreous fibers to evale, v ~ontaminants and traces of iron. Then. 0.5 g of the fibe
ate the overall reactivity of the fibers and the degree of hydratigp < fi st silanized by the adsorption of 5 ml of fréshly hydrolyzex
as functions of the partial pressure of water. Spin-labeled ﬁb%‘r—saminopropyltrimethoxysilane (Sigma, used as receive
were then dosed with water up to well-defined hydration states e AMPTS, final concentration 10% (v/v)) from degasse
to inv_e_stigate Whe”‘ef labeling preferentially occurs on h%l'queous alkaline solution (carbonate buffer at pH 9.2, corre
drophilic or hydrophobic patches. sponding to a concentration of 0.54 M). After equilibration un-
der stirring for 24 h, filtration, and water washing, drying in an

MATERIALS AND METHODS oven (50C) improves the covalent fixing of the propylamine
chain to the surface at the SiOH sites. Furthermore, at the alk

line pH used for the silanization, the amino group of silane i

The four glass and rock fibers employed—termed MMVBnprotonated and hydrolysis produces oligomers which easi
(Table 1 shows the composition, obtained as described rigact with the silicic surface. In this condition AMPTS forms
Ref. (14a))—were from the Thermal Insulation Manufactu@n intramolecolar 7-ring. However, we cannot exclude a parti:
ers Association (TIMA) fiber repository, namely, MMVF10 andpolymerization of AMPTS at the surface, at low relative per-
MMVF11 (both glass wool) and MMVF21 and MMVF22 (bothcentage, but the silane layers over the covalently bonded lay
rock wool), and were kindly provided by the Joint Europeaare very weakly interacting with the surface and are easily re
Medical Research Board (JEMRB) from different preparatiomoved by washing. Indeed, washing and drying of the fibers aft

Materials

OH CHy0 a_
OH +
CH.O~&i" o™
oH 3 /SI NH; — si/\’/\NHz +  CH,OH
CHyO i
9} N/O. N’O.
AP AN NaBH3CN O
QO-Si NH2 + Zz __3; ~ /\/\ +
o 0 CH4OH 8;3' N "
4-0x0TEMPO H

SCHEME 1
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equilibration with the silanol solution have the capacity to stabjphysisorbed water. The temperature of the calorimeterwas ma

lize the covalent binding of silanols and remove the physisorbtained at 30C throughout the adsorption experiment. A typical

molecules. adsorption sequence comprised two runs, with the following pr
Silanized surfaces were spin labeled by reductive amineedure: (i) dosing the sample with successive amounts of wa

tion using different concentrations of 2,2,6,6-tetramethyl-4rapor up to a pressure of typically 5-10 Torr (Ads 1), (ii) desorp

oxopiperidine-1-oxyl (TEMPO, Sigma, used as received) wittion under vacuum, and (iii) readsorption of doses to evalua

an excess of sodium cyanoborohydride (NaBN, Sigma, used the reversible adsorption (Ads II).

as received) as the reductant in methanol for 24 h (17). The un-

reacted material was removed by repeated water washing. The RESULTS AND DISCUSSION

fibers were finally dried under vacuum. First, we performed an

analysis of the labeling as a function of the label concentratiofwnalysis of the EPR Spectra

A progressive Ilne—broadgnlng of the EPR.features follqwed byThe spectra were computed by means of the well-establish
a collapse of the hyperfine lines into a single broad line was

. . . rocedure of Schneider and Freed (19). The principal inform:
found, as expected for the increasing local concentration of e parameters extracted from computation were as follows:
bels at the surface. Then, two different TEMPO concentrations '
were selected: 5 and 50 mM. The lower one (low local surface(a) The components of th& tensor for the hyperfine cou-
concentration of labels) yields EPR spectra where the hypgling between the nuclear spin and the electron spin. We us
fine splitting components are well detectable; the higher onetie components reported in Ref. (13) for silica-labeled part
employed to fully saturate the functionalized surface and yieldes: A, Ayy, A, =7.0, 7.0, 37.0 G. These components are
broad, unresolved EPR spectra. The 50 mM solution ensuresdiggnostic of a polar environment of the radical. A decrease |
complete labeling of the surface, and in spite of the broad singlavironmental polarity corresponds to a decreas& ivalues.

line, it allows better comparison and differentiation among the (b) The correlation time for the rotational diffusion motion,

samples (see below). 7: (19). The accuracy in the evaluation of this parameter (usual
_ 5%) strongly diminishes in the case of spin—spin-broadened
Contact of the %.mpleSVVlth Water Vapor exchange_narrowed Signa|s_

The sample, placed either in a calorimetric cell (heat of ad- (¢) The intrinsiclinewidth 1T 0, indicated as\H and mea-
sorption) or in an EPR cell (partial hydration of labeled fibers§uréd in gauss, which includes spin-spin relaxation effec
was dosed with water vapor. Both cells were vacuum-tight al(%(_)* 21). The evaluation of the dipolar broadening (due t
connected to a volumetric dosing vacuum frame. Gas-free waBsiSOtropic spin—spin interactiong)Hp, by means of spectral

vapor was obtained by subsequent distillation and thawing §RMPutation allows one to calculate the mean distadogn
vacuum. angstroms), among the probes at the surface from the equat

(22)

Methods

, , AHp = 3 x 10%/d3. [1]

EPR spectra were recorded with a Varian E109-EPR spec-

trometer, Working in the X band (about 9.5 GHZ) with a double (d) The Heisenberg spin—spin-exchange frequengy, The
resonant cavity or with an Adani PS100-X EPR spectromet@icrease invey also corresponds to the increase in the local cor
or with a Bruker 200D spectrometer, operating in the X bangentration of the radicals, which collide during their motion ir
interfaced with Stelar software to a PC-IBM computer for daigonviscous media. The relaxation rates due to the spin-exchar

acquisition and handling. The temperature was controlled withechanismT,¢) linearly depend on the radical concentratior
the aid of a Bruker ST 100/700 variable-temperature assembyly),

Magnetic parameters were measured by field calibration with the

1,1-diphenyl-2-picryl hydrazine (DPPH) radical£ 2.0036). TzEl = KgM, [2]
The EPR measurements were performed at 298 K (303 K, as

used in the calorimetric measurements, produced faster degvhere Kg is the second-order rate constant for the exchang

dation of the radical, but no significant spectral variations wepgocess.

found between 298 and 303 K). From the relationship between the linewidth and the spin sta
The heat of adsorption was determined by means of a Tidifietime, a proportionality between the exchange frequency ar

Calvet microcalorimeter (Setaram) connected to a volumettire local concentration of radicals is establisheg:oc Mjqc.

apparatus which allowed simultaneous measurement of théhe linewidth decreases with increasing temperature for t

amount adsorbed (uptake,), heat released), and equilib- Heisemberg spin-exchange mechanism, whereas the linewi

rium pressurefy) for smallincrements of water vapor with whichincreases with increasing temperature when the dipolar intere

the sample was dosed. The procedure has been thoroughlytibe prevails (23).

scribed in previous papers (18). Before the adsorption of waterRadicals in two different environments and in slow exchang

vapor, each sample was degassad2fd at 150C to remove in the EPR time scale generated different EPR signals th
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poses of the present study. The comparison between MMVF:
and JM104 is particularly interesting because the silica conte
is almost equivalent for the two fibers (about 60% in Si©
see Table 1), but the former has a diameter @fré whereas
the latter has a diameter of Oudm. The two spectra differ (a)
in the relative intensity, that of IM104 being much lower thar
that of the spectrum of MMVF10; (b) in label mobility, be-
ing higher (lower mobility) for the labels at the IM104 surface
than that for the labels at the MMVF10 surface; (c) in spin—spil
interactions, weaker (loweA H) for the labels at the JIM104
surface than for the labels at the MMVF10 surface; and (d) i
a second minor component (15%) characterized by quite hig
mobility, only present in the EPR spectrum of MMVF10. All
these findings indicate the following: (i) the IM104 surface ha
a labeling ability lower than that of MMVF10, mainly due to
few adjacent Si—-OH groups available for labeling; (ii) the label:
are far from one another at the IM104 surface, each label bei
free to interact with neighboring groups and ions at the surfac

FIG. 1. EPR spectra pf labeled MMVF10 and JM;LO4. Full Iines,' experiwith' as a consequence, hindered mobility of the labels. Tk
mental spectra; dashe_d lines, computed spectra _(mal_n parameters in Tabl?)?é‘pal’ation procedure for JM104 involves a lower density
The labeling was obtained fnroa 5 mMsolution of nitroxide. - .

silicon atoms, hence of silanols, at the surface. Also, the sme

superimposed to form the overall EPR spectra. The analysis_dé)‘?f‘rmm:"r of the JM104 fibers may be responsible for the lo

these spectra by means of a subtraction—addition procedwgrfa.aing ab.il'ity. The small (15%) fraction Qf labels in higher
of experimental and computed components allowed evaluatim?g'_“ty (iondlﬁ:o(r;s aLf[lhe MI\_/IVF%O §urface 'S _prohbab_ly_ I(_)cal-f
of the partitioning of the radicals in the different environmentgZ€d N & 1€sS hydrophilic region (for instance, in the vicinity o

The double integration of the adsorption signals allowed usfé_.o_si bridges). Therefore, the interactions of the labels wit

roughly compare the intensities of the EPR signals from differe'ﬁ?'ghboring groups at the surface is weak.

samples in the same experimental conditions. Henceforth, thérhe general composition of MMVFs and particularly the sil-

intensities of the EPR signals are indicated as low, middle, hig{ﬁ? percen.tage vary, as shownin Table 1. various lots of MMVF
and very high. ere obtained from TIMA, and they were all processed as re

Of course, the reliability of the parameters was ensured by tﬁ%i\_’ed’ by means of the spin-labeling technique, to investiga

reproducibility of the spectrain repeated experiments carried cSﬂ‘?” su_rface reactivity. Dlsc_repanmes within dlffe_ren_t lots of the
for different preparations of the samples. same fiber type would testify to surface contamination. The le

beling of all the MMVFs considered from lot 1 (the other lots
Characterization of the Surface Properties of Fibers te_sted in this work, excluding the lot indicated as lot 2, pro
by Means of the Spin-Labeling Technique V|_ded the same type of spectra as Iot_l and are not hencefo
discussed), with a radical concentration of 50 mM, produce
Figure 1 compares the EPR spectra of labeled MMVF10 agk series of EPR spectra shown in Fig. 2A: (a) MMVF10
JM104. The full lines are the experimental spectra, and th§) MMVF11, (c) MMVF20, (d) MMVF21. The full lines are
dashed lines are the spectra computed with the main parafpgs experimental spectra consisting of a broad single line. Tt
ters reported in Table 2. The labeling was obtained on all safggshed lines are the spectra computed with the main paramet
ples fran a 5 mMsolution of nitroxide. Spectra from the othenjsted in Table 3. Calculation on the basis of the surface area al
fibers are not reported since they are not informative for the p&r_OH-groups distribution indicated that a 1.5 mM solution o

MMVF10

JM104

I T T
3350 Gauss 3400

TABLE 2 TABLE 3
Relevant Parameters Obtained from the Analysis of the EPR Relevant Parameters Obtained from the Computation
Spectra of Labeled Fibers of the EPR Spectra of MMVFs
Silicate e (x1079 s) AH (G) Relative intensity Fiber 76 (x1079 s) AH (G) wex (x108 571

IM104 20.0 50 Low MMVF10 (lots 1-2) (7) 2 4.0
MMVF10 7.0 8.0 High MMVF11 (lot 1) 7 13 0.7
] ] ] ~ MMVF11 (lot 2) (7 2 4.0
a85% of the labels (from double integration of the signal components obtalnﬁcMVF21 (lots 1-2) @) 4 3.0
from computation of the EPR lineshape). The remaining 15% of the labels shpy/F2o (lots 1-2) 7 18 1'_0

fast motion ¢ ~5x 10710s).
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Therefore, we selected a 50 mM solution to ensure complete |
beling of the surface. The radicals which remained in solution ¢
were physisorbed by the surface at the end of the labeling proc
dure were washed out. Such high labeling is responsible for t
collapse of the hyperfine lines into a single line arising fron
strong spin—spin interactions. Both the dipolar broadening (ir
crease in 1T, ) and the increase in the exchange frequenc
(increase invey) indicate a remarkable increase in the local con
centration of the labels. The dipolar broadening arises from tt
radicals rigidly fixed at the surface. Only above “saturation” o
the most interacting silica sites at the surface did further linkin
of the radicals lead to dynamical spin—spin interactions (Heise
berg spin—spin-exchange mechanism), which is responsible |
the spectral feature (broad single line) in Fig. 2. This featur
diminishes the accuracy in the evaluation of the correlation tirr
for motion—evidently under slow motion conditions—whichiis,
therefore, reported in parentheses. Such unresolved spectraw
more informative than the narrow ones with respect to compa
ison and differentiation among the various samples. Since tl
labels were attached to surface silicon groups, the exchan
frequency, corresponding to the local concentration of the sp
labels, should increase with increased silica content of the fibe

3300 3350 3400 3450 The plot ofwex (o< local concentration) as a function of the per-
Gauss centage of silica is shown in Fig. 2B for the four MMVFs of
VWEO lot 1 (full circles, superimposed on to full squares for MMVF22,
MMWVF11 .
B —u— lot1 { ‘ MMVF21, and MMVF10) and lot 2 (full squares). Even if not
___________ . in a linear fashion, the surface concentration of the labels i

--o-- o2

creases with the increase in the nominal silica content of tt
fibers (for MMVFs, the surface reflects the composition of th
bulk). The results from the two lots were coincident (the sam
values) for MMVF21, MMVF22, and MMVF10, whereagy
from lot 1 of MMVF11 was well below the value found for lot 2.
A chemical analysis of MMVFL11 fibers from lot 1 indicated the
presence of contaminants (various organic molecules). The
strongly bound organic molecules prevent the spin-labeling «
the surface itself. Our procedure could thus be regarded as ar
cise way to evidence surface contamination. Removing the cc
taminants by thorough washing of the fibers with strong acic
s 4o 45 = s o e reproduces the spectrum of MMVF11 from lot 1. The repro
S0, % ducibility of the results among different lots, the strongly con
taminated ones being washed with strong acids and the “na
FIG. 2. (A) EPR spectra obtained from labeled MMVF fibers from lot L 5|” ones (poorly contaminated) being washed with weak acid

(radical concentration for labeling, 50 mM): (a) MMVF10; (b) MMVF11; . . : .
(c) MMVF20; (d) MMVF21. Full lines, experimental spectra; dashed Iines(,ensures that washmg with acids does not mOdIfy the surfa

computed spectra (main parameters in Table 3). (B) Exchange frequancy, properties. Indeed, it is reported in the literature (14) that th
evaluated from the analysis of the spectra in A, as a function of the percentdif¢ers used in the present study are well resistant (not dissolv
of silica of the four MMVFs of lot 1 (full circles, superimposed onto full squaresr surface modified) to the acid treatment. By extrapolation c
for MMVF22, MMVF21, and MMVF10) and lot 2 (full squares). the wex vs silica plot (Fig. 2B) tavex= 0, we obtain about 30%
of SiO,. This condition corresponds to the presence of labe
the nitroxide is needed to completely label the silica groups ofily on the rigid, most strongly interacting sites, at which th
0.5 g (the starting amount used for the labeling procedure) dipolar broadening reached its maximum value. Of course, th
MMVF10 or MMVF11. But lineshape invariance was only ob+esult is significant only if we assume that the labeling abilitie
tained at [nitroxide]> 20 mM. This means that an excess obf the different MMVFs are equivalent. The increaseif was
the radical in solution (at least 10 times higher concentrationdt linear with the increase in the silica content, but becorn
was requested to guarantee complete labeling of the surfamenost constant for Si> 60%. This indicates a “saturation”

MVVF11
contaminated surface

0,(x10°®s™") = local concentration of Iabels
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condition of the weakly interacting sites, at which the labels A
retained high mobility. These results are complementary to the J ,.\j
data obtained in the previous section for labeled MMVF10. Two J\\/vww o

components clearly contribute to the overall lineshape. The mi- ~ MMVF10 (labeled)

nor component (15%) showed faster mobility, which indicated I Water suspension "

\
that a portion of the interacting sites (weakly interacting sites) W ‘ -
gave more mobile labels. A previous study also supported this ¢
finding (13). The present analysis indicates that the first sites i !

which were labeled were the strongly interacting sites. After 3855 | a5
they were saturated, the weakly interacting sites were progres- Gauss
sively occupied and saturated. Equation [1] allows evaluation of ) |

the mean distanced—among the labels at the strongly inter- S :':

acting sites (dipolar interaction): for MMVF22, we obtairteet s i

12.5A. Whenthe weakly interacting sites were progressively oc- W PP

7" MMVF10 (labeled-10 mg)

. . . . . . i
cupied, the Heisenberg exchange interaction (collisions among :
H +10 W H0
{

locally concentrated radicals not rigidly fixed at the surface)
prevails, and Eq. [1] is no longer valid. It is noteworthy that the
computation of the MMVF10 signal was performed wittH
(linewidth)= 8 G (Table 2) for the starting 5 mM label solution,
whereasAH =2 G (Table 3) was used for the starting 50 mM
solution. This decrease in linewidth may be ascribed to the sat-
uration of the strongly interacting sites. At 5 mM almost all the
labels are strongly interacting with the surface (low mobility)
and spin—spin interactions are mainly dipolar (also tested by the
increase iM H by increasing temperature). In contrast, with a
50 mM solution, most labels are weakly interacting and faster
moving; the collisions among both the strongly and the weakly
interacting labels decrease the dipolar interactions and in-
crease the exchange frequency (Heisenberg dynamic spin—spin T T T
interactions). 8350 s 2400

JM104 (Iabeled-10 mg)
+ 10 pt H,O

FIG. 3. Representative EPR spectra obtained for labeled vitreous fibe
under various hydration conditions: JM104 and MMVF2Q0 uL of water;

The fibers were exposed to water vapor. In most cases,'\é'\HVFlo'” a water suspension. Full !lnes, experimental spectra; dashed line
computed spectra (main parameters in Table 4).

exposition of more than 12 h was necessary to detect any change
in lineshape. This indicates that water is initially attracted by
surface sites notin proximity to the labels. Dosing of the surfacesBoth experiments indicate that the label is strongly interact
of labeled fibers with water vapor was followed in two ways: ing via polar or H-bonding to the other labels. Much water is
—subsequent doses and measure of the relevant EPR sS‘é’SPrbed without mterference.wnh the label. :
&lgure 3 shows representative EPR spectra obtained for v

trum; . . . . o
__contact of the labeled fiber with the vapor pressure ahgous fibers in various hydration conditions. If the labels ar

registration of the EPR spectrum at subsequent time points. not detached from thg _surface_b_y water, as usually happens
our samples, reversibility conditions are ensured by the repr

In the first case the EPR spectrum, typical of a label strongiigicibility of the EPR signals upon subsequent drying and we
linked to the surface and interacting with neighboring labelSng processes. This also guarantees the persistency of the
did not change until the saturation vapor pressure was attainealent labeling. The spectra of labeled JIM104 and MMVF1(
In the second case the spectrum evolved toward that typieadre recorded after addition of 1€ of water. The spectrum
of the mobile label only after exposure of the fibers to vapaf labeled MMVF10 in a water suspension is also shown. Th
for several hours. The label on MMVF21 was more easily hyull lines are the experimental spectra, and the dashed lines «
drated than that on MMVF11 (figures not reported for the sakiee spectra computed with the parameters reported in Table
of brevity). The same experiment done wight-butanol reveals “Polar” in Table 4 corresponds t&4;; = 7.0, 7.0, 37 G, whereas
that, in contrast to water, the alcohol is not capable of overcoffiew polar” corresponds tod;; =5.0, 6.0, 35 G, and they in-
ing the strong interaction of the label with the other labels, as dacate a polar and low-polar environment of the radicals, re
changes are visible, even after long periods of contact with thpectively. The polar environment mainly arises from wate
vapor. molecules in the vicinity of the N—O groups or ions at the

Surface Reactivity toward Water
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TABLE 4 fast-moving radicalst ~ 1 x 1071 s) in a low-polar environ-

Main Parameters Obtained from Computation of the EPR Specta  ment. JM104 is highly soluble. As shown from the analysis o
of Labeled Fibers under Different Hydration Conditions Fig. 1, the surface was scarcely labeled, but the labels stron
Fiber Water Envionment 7.(x10-19s) AH (G) % interacted with the wat.er molec_ules and/or hydrophilic .s.ites z
the surface (probably ions, as inferred by the composition r
MMVF10  10uL polar 70 14 60 ported in Table 1). Water easily interposes among the labels a
low-polar 0.8 1.0 30 preferentially interacts with the ions at the surface. The label
polar 3 35 10 therefore, cease to move and the hydrophobic interactions p

MMVF10  Suspension  polar 1 35 70 vails, also due to the high flexibility of the fibers.
low-polar 0.1 0.5 It is interesting to note, from spectral analysis, that the lowe

JM104 10uL low-polar 0.1 0.5 100

the mobility in the dry sample, the higher the amount of label
8 po=1x 10 s. which localize in low-polar environments. This effect may be
related to the presence of ions at the surface and to the pr
erential hydration of the ionic sites at the surface (also teste
surface (for the type of cations, see Table 1). The low-polby calorimetric measurements; see below). In other words,
environment mainly arises from low-polar surface groups (Sthe absence of water, the polar groups of the labels are immo
O-Si groups, for instance, which are not labeled, the labdiged at the ionic sites of the surface. After water addition, th
may direct their N-O groups in the direction of these lowwater molecules preferentially hydrate the ions and hydroph
polar surface sites} propyltrimethoxysilane- organic con- bic interactions may prevail for the labels (due to the aminc
taminants. Of course, water will participate in the hydratiopropyltrimethoxysilane group and the hydrophobic sites at tt
layer of the nitroxide group in both cases, but we have to take irdarface).
account the partial hydrophobicity of both the solid surface (Si—
O-Si groups) and the TEMPO-aminopropyltrimethoxysilane ]
group. Therefore, a competition takes place for the interaction!§pthérms and Heat of Adsorption of Water
water and other polar molecules with the surface and the nitrox-The MMVE11 of lot 1 exhibited anomalous behavior with
ide group. When the hydrophobic character of the label prevailgater vapor. The adsorption was extremely slow, indicating n
the surface hydration is favored at hydrophilic sites located ffere adsorption but a reaction unexpected for a glass surfa
from the labels. This indicates the hydrophobic character of theeatment with hydrochloric acid fully modified the nature of the
surface regions which host the labels. surface. The slow process disappeared and the amount of we
The following information is drawn from the analysis of theydsorbed per unit surface was higher. The kinetics and heat v
spectra in Fig. 3 and the corresponding parameters in Table des were in agreement with those expected for a glass surf:

(1) On MMVF10, unexpectedly, after addition of 10 of (regular curves). This confirms that the surface of MMVFL1!
water, 60% of the labels were still slow moving and also retaind@m lot 1 is contaminated with substances which are chem
strong spin—spin interactions (clearly showing the effect, the Oq:glly very different from glass.. The resul'ts from the acid-treate
sample used for water adsorption is the one obtained from 50 nfmple were therefore considered typical of the nature of tt

nitroxides for labeling, whose spectrum is reported in Fig. 2y{MVF11 surface. _
wex decreased from # 10° to 1x 10° s~L. The persistence of  1he isotherms for the adsorption of water on the MMVFs ar

this signal is accounted for by (i) sharp curvatures due to tfgPorted in Fig. 4, while Table 5 compares the amount of wats
flexibility of the fibers, providing regions in which the labels?dsorbed up to 5 Torr on vitreous fibers with that adsorbed ¢
are protected from complete hydration: and (i) spin-spin irY—'t“?c_’US_ and crystalline silica (24). When measured at the sar
teractions among labels that were stronger than the water—l|s@@ilibrium pressure (e.g., 5 Torr, Table 5), the amount of wat
interactions. Both possibilities may affect the hydration process
simultaneously.

Shaking the fiber in water to form a dispersion leads to the TABLE 5
disappearance of the slow-moving component from the EPRAmount of Water Adsorbed up to 5 Torron MMVF10, MMVF11,
spectrum, which is then only constituted by the two componeni/VF21, and Vitreous (Suprasil) and Crystalline Silica (Cristo-
due to fast-moving radicals in polar and low-polar environmenislite)
(Fig. 3, top right). These two components were also present in
the spectrum of MMVF16- 10 uL of water, but the relative

TOT (umolm—2)  REV (umolm2)  IRR (umol m—2)

amounts were different: in the water dispersion the polar commvrio 51 30 21

ponent increased and became predominant with respect to nevrFi1 46.5 35 11.5

fibers in 10uL of water, due to complete water hydration. =~ MMVF21 25 16 9
(2) The spectrum of JM104 after addition of AQ of water ~Cristopalite 9.4 8.1 13

. . . Suprasil 9.3 8 1.3
is constituted by three narrow lines, as usually found for veryp
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The analysis of the heat curves and kinetics confirms th
result. The available cations and their capability of coordinatin
to water is higher on the glass than on the rock samples. Tl
greater the water coordination, the easier the solubilization
the fiber. Accordingly, rock wool fibers are less soluble an
consequently more biopersistent (28).

If we plot the differential heat values (heat per adsorbe
moles) as a function of the equilibrium pressure (this paramn
eter defines the state of hydration of the surface), we obtain
representation of the kind of interaction independent of the a
tual number of surface sites which adsorb water. Such a diagre
is reported in Fig. 5 for the total and the reversible adsorption ¢
water onto MMVF10, MMVF11, and MMVF21. As all points
remarkably fall on the same curve, we may infer that the chem
cal processes taking place at the surfaces of the various vitrec
fibers are qualitatively the same.

Interaction of Water with Labeled Surfaces

Modification of the surface properties of the fibers induced b
labeling has been studied by measuring the heat of adsorpti
of water before and after linking of the aminopropyl chain.

The curves obtained for adsorption of water onto the HCI
washed surface of MMVF11 and on the same specimen aft
functionalization are reported in Fig. 6a as calorimetric iso

FIG. 4. (a) Volumetric isothermsng vs p) and (b) calorimetric isotherms therms (total heat vs pressure) and in Fig. 6b as differential he
(Q vs p) for the adsorption of vapor #D in the first adsorption run (Ads I) on (heat per adsorbed mole) as a function of adsorption. Functio
glass fibers putgassed at 280 MMVF10 (triangles), MMVF11 (squares), and alization does not modify the surface, too deeply; i.e., the surfa
MMVF21 (diamonds). is still hydrophilic, and the two curves in Fig. 6a are equivalen
over a wide range of coverage. This indicates that there is a p:
of the surface which is not modified by the functionalization. A
MMVF10 > MMVF11 3 MMVF21 > SiO: comparison ofthe curvesin Figs. 6a and 6b reveals the followin

) 2 4 6 8
P (Torr)

adsorbed per unit surface varies in the sequence

. ) ) . —the adsorption heat is negligible above 1 Torr equilibriur
the differences are related to the different chemical compogiressyre: i.e., once the uncovered surface is saturated, adsorp

tions. _ _ does not proceed on the covered one and a plateau is attaine
The adsorption of water onto a glass surface is a complex

matter as water is not only adsorbed on OH but also coordinated
by cations. The number of adsorbed water molecules depends

on the kind of exposed cations, on how deeply water penetrates 150
the subsurface layers, and on the strength of the metal ion—water
bond. Penetration of water into subsurface layers favors dissolu- 120
tion. The rock wool (MMVF21) adsorbs less water than the glass ~
wool (MMVF10 and MMVF11) under the same conditions, for = 90
the following reasons: E
4

e glass fibers have more SiOH groups (for H-bonding to wa- b= 60
ter) than rock fibers;

e glassfibers have more metalions coordinating to water than 30
rock fibers;

o water dissolves more easily onto glass than onto rock fibers. 0

For all the MMVF fibers, however, the adsorbed amounts P (Torr)

are much greater than those on crystalline silicas (25-28).

. L . . FIG. 5. Differential heat of adsorptiorg(vs p) of H,O vapor in the first
This clearly indicates that the increased adsorption onto gl?ﬁés |, filled symbols) and second (Ads Il, empty symbols) adsorption runs o

fibers is mostly related to the presence and abundance of mgials fivers outgassed at 28 MMVF10 (triangles), MMVF11 (squares), and
cations (for the type of cations, see Table 1). MMVF21 (diamonds).
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may be distinguished (and quantified on the basis of the silic
content).

i (3) The spin-labeling technique allowed identification of dif-
ferent silicon concentrations and of contaminants at the surfac
i (4) Theinteractionwith water reveals substantial heterogen
ity in the hydrophilicity of surface sites. Water in contact with
] labeled fibers first adsorbs in surface regions located far from t|
label and water molecules approach the label only after a lari
g part of the free surface has been wetted. This indicates that lab
ing takes place on the least hydrophilic part of the material ar
0.0 : . . that the labels are not easily hydrated, hydrophobic interactio
0 2 4 6 8 prevailing for labels which locate in low-polar regions.

150 P (Torm) (5) The reaction of water vapor with vitreous fibers of dif-
' ' ' ferent compositions reveals that these materials adsorb mt
more water than any crystalline or amorphous silica, water c
ordinated to surface cations playing a major role in the overz
adsorption. The surface reaction mechanisms are the same
fibers of different compositions, as revealed by the substant
similarity of the interaction energies, but the surface compos
tion affects the extent of adsorption. Glass wool exhibits a muc
higher adsorption capacity than rock wool under the same e
perimental conditions.

120

20

60

q (kd mol 1)

30
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