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DIRECT MEASUREMENTS OF THE NEOPENTYL
PEROXY-HYDROPEROXY RADICAL ISOMERISATION
OVER THE TEMPERATURE RANCE 660-73 K

KEVIN J. HUGHES, PETER A HALFORD-MAW, PHILLIF [>. LIGHTFOQT,
TAMAS TURANY] asn MICHAEL ]. FILLING

School of Chemistry, Unicersity of Leeds, Leeds L82 9T, UK.

The rate constant for the isomerisation reaction neo-Ci11, G, — GH,:00H (k] has been
determined directly over the temperature range 660-730 K. neu-CyHy [ was photolysed at
244 nm using a KrF laser in the presence of (1, and He. The alky] rudical generated in the
photolysis reacts with O, to form the peroxy tadical which then isomerises to the hydroperoxy
radical. Subsequent rapid reactions kead to the generation of OH, which was detected by
luser induced Muorescence as a function of time. At high (O] the time constant, k., for the
build up of OH tends to —k,. As [(2] decreases. earher reactinns in the perovy radical chain
become important and analvsis of the [O;] dependence of h. allows both &, and &;. the rate
constant for the peraxy radical decomposition. to be determined. Data analvsis shows that
the results are fully compatible with the steady-state measurements of Buldwin et af excopt
that values for &, a Factor of over ten lower than their values are chtained. The distrepancy
is shown to be due to errors in the equilibrium vonstant, K., they used jor the {R2) reaction.

CH, ~ 0. =CH,G,
An Arrhenius analvsis gives
ihafs b= LT expl -l 48 = 0,121 X 10°K/Th

The measurements of k.; were combined with literature data for k, and calculated values
of A5, to give AH 205} = 142 = 6k] mol ' for the neo-C,H,, + Q; = G:H O, equilibrium.
in satisfactory agreement with group additvity values.

Introduction

The elucidation of the mechanism of knock in a
gasoline engine and the provision of a quantitative
assessment of the propensity of a fuel to knock re-
main important goals in combustion chemistry. Al-
though autoignition cccurs at high temperatures
{=>900 K), there is strong evidence that lower tem-
perature chemistry is significant through the gen-
eration of heat and reactive species.’ This lower
temperature mechanism involves peroxy radicals and
the dependence of the kinetics on the structure of
the precursor alkyl radicals has been the subject of
much discussion. Morlev. in particular, has dem-
onstrated gond correlation between Blending Re-
search Octane Number {BON} and the kinetics of
the production of the branching agent in the per-
oxy radical chain®

The overall mechanism for the low temperature
oxidation of hydrocarhens is summarised in Scheme
I. Morley argued that anv analysis of autoignition
propensity should examine those features of the
combustion mechanism that affect the numbers of
radical centres i.e. initiation, termination and the

generation of the branching agent. Initiation is gen-
erally accepted as of minor mechanistic conse-
quence and termination is ittle affected by alkane
structure. The key characteristic of a fuel which
provides a link between molecular structure and
knock propensity is the peroxy radical chain cut-
lined in Scheme 1. Within this scheme, the iso-
merisation reaction, RO, — QOOH. which in-
volves intramolecular hvdrogen atom transfer. was
identified by Morley as the primary, structire-re-
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lated step in his correiation with BON. Keck has
also discussed the relationship between fuel sensi-
tivity to knock and peroxy radical isomerisation,>*
The available rate data on peroxy radical iso-
merisation were determined by Baldwin, Walker and
cownrkers using steady-state technigues with end
product analysis.” Their seminal work may be sum-
marised by referring to neo-pentane as fuel, which
has the twin advantages that all H atoms are equiv-
alent and that it cannot react with O, to generite
an alkene (Scheme 11 Baldwin et al® generated the
neapentyl radical by adding small amounts of neo-
pentane to a slowly reacting Hz + O system. De-
composition of the radical generates isobutene:

{CH3}sCCHg — (CH4C = CHz + CHy (R1}
while the formation of the peroxy radical generates

3.3-dimethyloxetan (DM() isobutene and acetone
via the sequence:

aim of the present paper is to report such mea-
surements for the nec-pentyl radical.

The basis of the technigue is shown in Scheme
1L: it is a time-resolved equivalent of the classic
Baldwin-Walker mechanism. The radical is gener-
ated by flash photolysis of neo-pentvliodide and
reacts via 2 mechanism involving (R1), {R2.-2) and
(R3). The reactions of the hydroperoxy radical (R4)
and (R5) in the scheme of Baldwin et al} are fast
and non-rate-determining and lead to the genera-
tion of OH, which can be sensitively detected by
laser induced fAucrescence (LIF} Provided (B3} is
the rate-determining step in this sequence, its rate
constant can then be related to the rising portion
of the OH LIF signal, the decay being determined
by the slow diffusive loss of OH from the monitor-
ing zone and reaction with CsHyyI{ks). A key to the
snceess of the technique is the use of low preeursor
and radical concentrations, so that both radical-rad-
ical and radical-molecule reactions, other than those

{CH3)sCCH; + O = {CHz}y CCHz0: (R2,-2]
(CH3CCH0; — (CHaly GICHpCH,0UH (R3}
{CH3)C{CHoICH200H — 3.3 dimethyloxetan + OH {Rda}
— {CH3);C = CH; + HCHO + OH {Rdb)

+ 0y — CH3COCH, + 2HCHO + OH (R3]

A steady-state analysis was used to show that, af-
ter correction for isobutene formation in ‘R4b), the
relative product vields are given by

fiAcetone] + |DMA]} / [i-butene] = Kak-10:17k;
= R;O_sj'

They combined their end product anabysis stud-
ies with Arrhenius parameters for £,*" and bhond
additivity estimates of K;' to determine &y for a witle
range of alkanes and hence to formulate general rules
for ealeulating rate constants for internal H atom
transfer in RO radicals from the alkyl radical strue-
ture. it was these rules that Morlev used in his BON
correlations.”

More recently. Gutman and coworkers have
measured the peroxy radical equilibrium constants.
K,. directly for several alky! radicals.” Their exper-
fnents resnlted in snbstantial revisions of the group
additivity values with K. increasing. in some cases,
by more than a factor of 10. These increases, in
turn, require a decrease in the estimates of ks, al-
though no such general revision has been per-
formed. Clearly direct measurements of ky are
needed, which do not rely on other parameters. The

contained within Scheme Il are minimised. At the
temperatures studied {T = 750 KJ. the methyl rael-
icals gencrated in reaction (RL! react with Oy to
[)I‘Od;l('(:‘ CH.40; and less than 1% form HCHO +
OH-

Scheme [l
hv
(CH,),CCH] ——————> (CH),CCH, + 1
&

CH, + (CH,).CCH, (CH,),CCH,C,

[

other products €~————— (CH,),CCH,0,H
+ CH.
OH
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diffusive loss
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Experimental

The reaction vessel was a heated stainless steel
cell, based on a design described in detail else-
where.2? The cell kas three optical axes, mutually
at right angles, fitted with a total of 5 spectrosil
windows scaled with water-cooled 'O" rings. Two of
the axes were nsed for the photalysis and prohe laser
beams, whilst the fluorescence was detected in the
third, vertical axis by a photomultiplier ({EM]
9813QXB) which faced the pumping port. Light ac-
cess to the photomultiplier was via a focussing lens,
slit and interference filter centred on 308 nm. The
reaction vessel was heated bv four 400 W high den-
sity cartridge heaters (Watlow Firerod} embedded
in the cell walls. The temperature was monitored
and controlled by two chromel-alume] type K ther-
mocouples (Thermocoax) inserted inside the reac-
tion vessel above and below the observation region.
The flow of gases through the cell was controlled
by three calibrated mass flow controllers (Tvlan FC-
280} through which helium, oxvgen and a CsHj 1/
He mixture were fiowed. The overall flow rate was
controlled by an exit needle valve and the pressure
inside the reaction vessel was monitored by capac-
itance manometers (MKS Baratron, 0-10" and 0—
10" Torr}. The oxygen pressure was varied befween
2 and 250 Torr and the helium diluent pressure be-
tween 400 and 1500 Tarr.

A Lambda Physik LPX 105i excimer laser, op-
erating at 248 nm on KrF, was employed as the
photolysis source and a N&:YAG pumped frequency
doubled dve laser {Spectron Laser Syvstems SLS0O)
was used as the probe laser. Typical excimer pulse
energies were 50-200 m], with a shot to shot vari-
ation of <3%. The Nd:YAG laser was operated at
262,323 nm on the Q)(3t line of the ATs = I
= X[y = 0} transition. Tvpical concentrations were
[CyHyd] = 7 = 10" em™ and [OH]max = (1-51
% 10Y ¢m™* The intensity of cach laser shot was
monitored directly for each laser beum by directing
them, after leaving the reaction vessel, un to cu-
vettes filled with dve solution: the intensities of the
resulting fluorescence signals were measured using
photodiedes. The signals from the photodiodes and
the photomultiplier were captured by a three chan-
nel, gated sample and hold system and stored, via
an anzlogue to digital converter, on a microcom-
puter which also controlled the timing sequences of
the lasers and the sample and hold system. Data
collection and processing consisted of defining a to-
tal pumber of time points, at predefincd delays rel-
ative to the photolysis laser, with a given number
of samples at each time point. Typically 106 time
points were employed with 10-580 us interpoint
times and 3050 samples at each time point. The
firing of the lasers was then controlled so as to -
cess these samples randomiy. When data collectian

was completed, each fluorescence signal was nor-
malised to the excimer laser and doubled dye laser
signals and an average taken of the samples at each
time point. The temporal profile was anslysed by
non-linear least squares fitting (see below).

Results

A typical fluarescence temporal profile is shown
in Fig. 1. The decay corresponds to diffusive loss
of OH and reaction with CgHy,l, as confirmed both
from its temperature and pressure dependences and
from independent experiments in which OH was
generated at 193 nm from NyO/H;0/He mixtures.
Analysis of the profile confirms a biexponential form:

IDH], = A exp (At} + B exp (—ket)

If reaction (R3] is the rate determining step in the
sequence generating OH, then —A, = kg and A,
should be independent of [(;] and of total pres-
sure. Figure 2 de rates that A. depends sen-
sitivelv on [(;] showing that this presumption is
incorrect. At low [Os]. ko[O2] and ks become com-
parable and (R1-3) must be recognised within the
reaction scheme. Under these conditions, the time-
dependence of OH is given by:

[OH], = a{—(A+ + kel exp {A_f)
+ (A_ + kgl exp (ALt

+iA. = A_)exp {=kethh
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Fi... 1. Time dependence of the OH LIF signal
foliowing photolysis of nea-pentyl iodide at 248 nm.
@, experimental results (average of 50 shots);
non-linvar least squares fit to a biexponen-
tia] time dependence, [C-Hulj = 7 X 10" em™",
[€H, . =3 = 10" em *, T = 700 K, helium pres-
sure = 550 Torv, oxvgen pressure = 63.3 Torr, —A.
= (1564 = 80 s 'Hal ke = (B8 = 1057 (el
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Fri;. 2. Plot of A. obtained trom bicsponential fits
o the OH profiles versus [O;), T = T K. helium
pressure = 550 Torr. @, experimental results with
95% confidence limits:
squares lit vsing eqn (21 with &_; and &, as variable

non-linear ]l.‘a.sl

parameters. ---- limit as [{3] — = where 40 —
— ke
where
feakaf CiH 1 ol O]
PR i D i L e
1AL — A_TAL + kg i
and
-8 x f— 4y _
A = 'B B }f_ (2
2
where

B=k + kO] + ko + Ky

and
v =kk_y + kiky + ke Ogfks

A, and A_ are both negative.

Under the experimental conditions employed [A_|
& |AL|. ke 5o that the term in exp(A_t] is negligible
and eqgn (1) reduces to a biexponential with the ex-
ponential term in A.t describing the build up of
OH and that in kgt deseribing the decay. A, varies
with [()3] tending to —k; at high [(.] and to —(k_;
+ ka} as [} tends to zero. The full kinetic system
(RI-R6) was examined using numerical integration.
Good agreement was found with the simple biex-
ponential function.

Figure 2 demonstrates that A,| shows the re-
quired dependence on [0 decreasing as the nx-
ygen pressure is increased and tending to a high
oxygen limit. There is insufficient information con-
tained in the [Og] dependence of A, to determine
all four rate parameters, k—ks, from a fit to this
dependence. However, k; has recently been mea-
sured directly by Slagie ef al'’ over the tempera-
ture range 560-650 K. they reported Archenius pa-
rameters for the high pressure limiting rate constant
and a means of describing the pressure depen-
dence. Similarly Xi et al'® have measurcd k; be-
tween 266 and 374 K, giving k> = 2.1 X 1072 (T/
300 K17*! em” molecule™ s7'. These data were
used to provide estimates of & and ks under the
present experimental conditions and Fig. 2 shows
a fit to the data using equation {21 with &_» and &y
as variable parameters. Table ! lists the resulting
rate parameters. It was not possible to determine
k_» at low temperatures because (R} remains the
rate-determining step even at the lowest [(3:] em-
ploved and the high oxvgen concentration asymp-
tote applies throughout. it alse proved difficult to
obtain reliable data at low [Oa] &t 730 K because

TABLE ]
Experimental values for k., and &

kufs !
T/K k_ufs™! kofs™! iBaldwin et all’
660 _ 296 = 0.33" x WF 152 x 10F
670 — (3.33 = 0.28) x 1F 529 = 107
600 {7.14 = 1.35° x ¥ (8.40 = 167 » 107 987 x W
7 {7.58 = 0.54) x 107 (1.23 + 0.09) x 10° 133 % 10
715 (1.11 * ©11} = 19 (1.64 £ 0.25 x 10° 205 % 10
730 (1.90 = 0,35 x 10¢ (2.05 = 0.33 % 107 311 x 10
750 — i4.12 = 0.81) x ¢ 5.26 % 10

“From the Arrhenius expression k, = 1.2 x 10" exp(—120 k] mel™'/RT}s™".
*The quoted errors are the 95% confidence limits determined directly from the data analysis. See text

for a further discussion.
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Fi6. 3. Arrhenius plot for k. The error bars rep-
resent 95% confidence limits.

of limitations in the time resolution of the detection
system, so no value of k_g is reported at this tem-
perature either. k; was primarily defermined from
the zpproach to the high [0g] asvmptote. kg, by
contrast, depends on the increase in AL at Jow [Og]
and is more sensitive to the input parameters, the
mare inaceurate of which is k2. because of the need
to extrapolate the expression of Xi et al’ to higher
temperatures. The uncertainty in k_; could be as
large as a factor of 2

Figure 3 shows an Arrhenius plot for &y and gives

kafs™ = 10822707 axpf—il.46 + 0,121 % 10'K/T}

where the errors are the lo values. The A factor
is in good agreement with Benson's estimate.'? The
activation energy, (123 = 10) k] mol ™", is the sum
of the activation energy for H abstraction by 2 per-
oxv radical and the strain energy for the ring, Tak-
ing the data of Waiker et o' for HOy + CH;s {E,
= 85.6 kj mol™!} as a model requires a strain en-
ergy of (37 = 10 k] mol™!) which is surprisingly
high for a six membered ring.

Discussion

The directly measured values of ks are compared
inn Table 1 with the values calenlated from the Ar-
rhenius expression recommended by Baldwin ef al*
the two sets of rate constants differ by more than
a factor of 10. The dependence of A, on [U)] al-
lows us to probe further into the origin of his dis-
crepancy. The directly measured quantity in the
experiments of Baldwin et of was the ratio R = Koks/
ky. Table [1 shows the values of B calculated from
the values of k3 and k., determined in the present
experiments. together with the kiterature values of
k, and ks R was determined in two ways, from the
experimental values themselves and from the best
fit Arrhenius expression for k3. Given the unver-
tainties in &_» and &y and in the literature values
of &, and ki, the agrecment is excellent: the e1-
perimental results reported by Baldwin ef al? are
inn full agreement with those reported here. The
discrepancies arise from the values of kj and k; em-
ploved by Baldwin ef af to caleulate k5 from their
experimental measurements of B and. primarily.

TARLE 1l

A comparison of the experimental values of & =

Kokifk, and of the parameters K, and &, from the

present work and from that of Baldwin ¢t af’

R/A107 em’ molecule s ! R0 em™ k100 5!

T/K o d: (e in
fal 442 387 311 1.08
640 b 4.24 0447 1.
200 {al 3.85 3.45% 4.66 1.48
ik 323 0.313 1.38
715 [al 2.11 2,22 3.05 237
{hi 2.13 0.215 2.20
a0 {al .43 1.22 1.71 3.69
{h} 1.46 0.1449 3.41

. This work

Baldwin ef al

—fh 4 TR

set)

+ From the data reported in Table T (for (al data set)

. ¥From the k- values reported in Table § and the Arrhenius expression for k, (for (a} data set)

K. = ky/k. . with k; taken from Xi et al”® ifor iai dats set)

E, calculated from the Arrhenius expression for the high pressure timit of Slagle et of (for {a} data
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from K, Table 1l presents a compariscn. The val-
ues of &, are in generallv very good agreement while
those of Ke differ by more than an order of mag-
nitude. Rl accounting for the difference in the fi-
nal estimates of &5 The assumption has been made
in the analvsis that reaction (R3] is irreversible un-
der the experimental conditions. The relative ther-
modynamic stability of ROz and QOOH requires
that k_y = k. so that irreversibility is only guar-
anteed if k= Kk + k3]02]81 = & 5 {The factor of
& allows for reversibility in reaction {R31). The evi-
dence for the latter inequality derives from the work
of Baldwin et al® Further work is in progress to
test the validity of this inequality using the present
svstem.

It is pertinent to compare the present resuits;
with the equilibrium cunstants, Kp. of Slagle et ol
They did not study the neopenty] radical, but. within
the limits of group additivity, our results may be
compared with their data for C;Hs {the three methyl
H atoms in CgHy are replaced by CH; groups on
both reactant and product sides of the B + G, =
RO, equilibrium). The most appropriate compari-
son is to caleulate AH,%298}, the enthalpy change
of reaction (RZ), which can be effected, following
Slagle et al,® throngh a Third Law calculation:

. AH %2081 AS,"20%
BTl K, TI+X= - ———+ ——
RT R

where X represents the temperature dependences
of AH? and ASY and depends on ACy. AS%298) was
equated to the value used by Slagle et al" for the
CaHs equilibrium 1 —130.2 } mol™! K™ and the
small correction factor, X. was also taken from their
paper. These values are derived from estimates made
Ly Wagner and Melius?® of the structures and in-
ternal motions of CiHs and CaHz0Os, which were
based on experimental studies, eb initio caleula-
tions and analogies with stable compounds. Table
Il shows the values for AH;"[2981 at the four ex-
perimental temperatures. The mean value of —142
= 6 k] mol™ " agrees well with the measurement of
Slagle cf af" of —147 = 6 k] mol ™!, based on direct
observation of the approach to equilibriom in the
CoHs + (0 = CzHs0; system and the same value
for AS.%2081. As pointed out by Slagle ef al, group
additivity estimates give AH(2681 = —136 k] mol”
for the CgpHs reaction, provided the currently ac-
cepled ‘higher’ value for AHACzH;) is employed.
They argued that their results require a reduction
of 8 k] mol™" for the D-{CKO} group heat of for-
wation, although such & change would lead to a
disparity in the comparison of experimental and
group bend enthalpies for CaHsO: where previ-
ausly good agreement has been found." The pres-
ent vesults, un the other hand, show reasonable
apreement with the group additivity values and

REACTION KINETICS

TABLE 11l
Enthalpies of reaction for U:H,, + 0, =
C.H 0}, calculuted fram the experimental values
of K. using a Third law method.

T/K —AH5208)/k] mol™!
E [
650 14006 132.2
TO0 142.3 i33.5
715 427 133.9
T30 1415 133.0

a; Caleulated from K, using A8,%298) derived from
the estimates of Wagner and Melius for C;H;

b: Calculated from K, using gronp additivity es-
timates of AS."[295)

suggest that such a revision is unnecessary. This
agreement is further improved if AS,"(208) is cal-
culated using group additivity (Table LI} which gives
4 mean value for AH%(2981 of 133 = 6 k] mol” .
However, the indirect pature of the present deter-
mination. of k_a. and the consequent =6 kj mel -
uncertainty in AH,"(208). require that any conchu-
sions regarding the group heat of formation are
treated with caution. YWe are attempting to deter-
mine A at lower [Oo). where k_; is better de-
fined.

Conclusions

1. The rate constant. ky. for the isomerisation ro-
action CsHy 02 = CsHpOOH has been deter-
mined over the temperature range B60-750 K. giv-
ing logiks/s™H = (122 = 077 — (1227 = 10.3
kJ mol /2303 RT.

2. The oxygen dependence of the rate of Ol
production has allowed the determination of k_a.
the tate constant for decomposition of C;HNO2. to
Ie determined over the temperature range 6906-
T30 K.

3. Combining k. 2 with the data of Xi et al? for
the furward reaction. k. allows AH-"(298! to be
caleulaied from the eqeilibrium constant Ko using
4 Third Law method. A value of 142 = 6 ki mol™’
is obtained. in reasonable agreement with both the
results of Sl_aAz]e ef al® and with group additivity
caleulations. ™

4. The results of the time dependent studies of
OH production are in excellent agreement with the
experimental results of Baldwin et of obtuined using
steadv-state techniques. The values obtained for ks
are, however, over a factor of ten lower than their
values. This difference can be ascribed entirely to
their use of an inaccurate value for the equilibrium
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constant, K, in calculating &; from their experi-
mental results.
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COMMENTS

Joseph W, Bozzelli. New Jersey Institute of Tech-
nology, USA. The apparant ring strain of 37 K]/
mole for isomerization (K, of the neupentyl-peross
radical to the hydroperoxy seems quite high for a
& member ring. Is there 2 possibility that the rate
constant you are measuring is actually a combina-
tion of the two steps in the reaction seyuence. .o
isumerization and then reaction to products forming
the ON radical vou are monitoring, If this 1 the
case you may also need to include K-3 or the equi-
librium constant. K, in vour kinetic analvsis. The
endothermicity of (K3 reduces the Ea of (R-31 by
ca. 52 K] /mole corresponding to the dilference in
the primary C:-H bond cleaved and u hvdropernxy
ROO-H bond formed. This combined with an A,
of onbv 107 /sec {100 times lower than forward Iso-
merization A factor), leads o a reverse rate some
40 times faster than the forward at 700 K.

Author’s Beply. We agree that &, >> k. How-
ever, Baldwin et al. (Reference 51 used their pro-
duct spectrum to estimate k,,. ky, and k. Their anal-
vsis shows that (k, + ko + & 1O == k., oat
all oxygen concentrations studied here. Thus
Gl 0YOH, onee generated, reacts rapidly and re-
verse isumerisation is nnimportant. [t should be re-
called that our experimental results are fully com.
patible with these of Baldwin et al. and the

difference in our conelusions can be traced to the
value of Ky emploved. There 1, therctfore, no in-
eonsistency in the use of their results to establish
the above inequatity. which does not depend on K.

William J. Pitz. Lowrence Livermore National
Laboratary, USA. The "dihvdroperoxide” path pro-
posed by Benson:

ROOH + O = 0, RODH
0-ROOH = HO-R'O + OH
HO:R'0 = OR'0 + OH

where R = CsHyp and B’ = CgHe.

If this “dihydroperoxide” path is fast, two OH
radicals will result for each neopentyl radical con-
sumed.

Author's Reply. Our technique is independent of
the stoichiometry C.H}0OH — fOI, provided f
is unchunged over the experimental OH profile. The
low radical cuncentration ensures that first-order
reactions dominate, and any contributions from
radical-radical reactions, which could affect the pro-
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file i branching occurred, are negligible. Thus, if
there are reactions in the mechanism subsequent to
the isomerisation that fead to the generation of more
or less than one OH per C:HOOH radical. the
analysis is unaffected.

J. F. Griffiths. University of Leeds, UK. Did you
have particular reasons for studying the neopentyl
peruxy radical? Are there prospeets [or specific plans)
to extend the study of this important class of re-
actions to species involving the longer chain alkyl
radical mojeties?

Author's Reply. The neopenty] radical was the
subject of an earhier extensive study by Baldwin ct

al. {Reference 3 in the test). There are two addi-
tiopal advantages. Firstly the bvdragen atoms avail-
able for internal abstraction sre all equivalent, so
that only one tvpe of peroxv-hvdroperoxy radical
isomerisation is feasible. Secondly. there are no BC-
H bunds which simplifies the reaction mechanism.
In particular, the reaction of the radical with <
cannot generate the alkene + HO. We are cur-
rently extending this study to the ethyl radical, al-
though ethene + HO. presents some problems. We
afso plan to study n-propyl. using D-substitution tu
identify the atom ahstracted. Extension to lasgey al-
kancs may prove too complex, but our mim is to
investigate the validity of the experimental results
of Baldwin et al. and then recall their values, if
appropriate. Such a procedure should enable us tn
provide estimates for larger radicals.




