J. Phys. Chem. A997,101,8959-8963 8959
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The linear correlations of enthalpy of formation differences with electronegativity (covalent pot&fljal,
published by Luo and Benson (LB), have been reexamined with inclusion of additional data for silicon and
other group 14 organometallic compounds. While there is support for the idea that the covalent potential
represents a good scale for such correlations, certain conclusions of LB are not supported. The correlations
yield the followingAH;° values (kJ mol?): SiHsl, +8.6; M&SiF, —586; M&SiNH,, —291; MgSiSH,—273,

in close agreement with LB. However, there is no case for revisiakHf(Si:He) = 80.0 kJ mot* and our
estimatedAH;° values (kJ moll), for MeGeh; (42 & 4) and MeSnk (1184 4) do not fit the linear correlations
previously proposed. It is shown that average hydrogen-for-methyl substitution enthalpies fit best a nonlinear
correlation withV,, just as shown earlier by Benson and co-workers for the same correlation with Pauling
electronegativity.

Introduction TABLE 1: Enthalpy of Formation Data (kJ mol ~%)2 for the
Silyl/Hydrogen Compound Difference (A;) Correlation with
During the course of a review of the thermochemistry of Electronegativity

organosilicon compoundsye were led to examine some recent  x VI(R) T AHP(SiHeX) AHP(HX) A, o
a;t;ahmpts atthe cor(;elat_ltc;]ntﬁf th?arn:ochemltpa}l_propfetrrt]le_s gf sc&méa 9015 —359L18 T R —
of these compounds with the electronegativities of their bonded 704 —1364 10 f0031 01 —437+10 1
atoms. This approach originated with Paulfrigyit the recent Br 6.13 —64+ 10 363+ 01F —27.7+9 1
work by Luo and Bensott employs a new scale of electrone- | 5.25 —-2+8 +26.5+0.13 —285+8 1
gativity called “unshielded core potential” or more simply CSII|-|_|3 g-ﬁ J—égéiis J—r;igi (1J£21d Iig.éiig i
“covalen ntial”. In ri f 1L nd Benson IH3 . . . . . . )

covalent potential a series of papérs! Luo and Benso 570 3t 1o 5 ISER

have applied the covalent potentid, to the correlation of
enthalpies of formation and argued that it is more successful in 2 Data taken from ref 1 or 13, unless otherwise stalte®ke text for
this exercise than other scales of electronegatiitgome of ~ definition. ¢ From ref 16.¢ From ref 4.

these have been devoted to organosilicon compoUrifsThe

correlations appear generally to be good and have been exploited We begin by examining the correlations that involve silyl

by Luo and Benschto obtain newAH;°® values for MaSiF, and trimethylsilyl compounds to evaluate their strengths and
MesSiNH,, and MgSiSH and a revisedH;° value for SiHl. weaknesses. This leads us to return to the correlation between
In addition they have suggest@dx revision of AH:°(SixHe). methyl and hydrogen compounds, in a further attempt to answer
These claims have led us to examine the correlations morethe question, fundamental to organic and organometallic ther-
closely. mochemistry, viz, is there a quantitative way to estimate the
enthalpy increment of methyl-for-hydrogen substitution?
Enthalpy of Formation Difference Correlations with Vy (1) A1 = [AH(SiHsX) — AH(HX)]. The published enthalpy

data for this correlation are shown in Table 1. These are

We present here a detailed examination of four of the essentially those used by BBut with two data points added
correlations published by Luo and Benson (LB). In some of (see below). Figure 1 shows the correlation betwAgrand
them we have added other data not included in the original v,. The original plot featured X= H, |, Br, Cl, and F. We
correlations. We have also represented data points that havenave added X= SiH; and CH. The “best fit” line ignores the
significant uncertainties with error bars estimated from the cited points we have added. For % | the fit is clearly not good,
experimental uncertainties where possible, to assist readers tand this supports the revisibhof AH;°(SiHal) from —2.0 to
judge the significance of deviations from the plots. For the +8.6 kJ mot®. The situation, however is not so simple for for
most part we avoid discussing the correlation lines in terms of X = H, SiHs;, and CH. Plainly these points also do not fit.
representational equations since, in our view, equations can often_B58 argued that the true correlation test requires the use of a
be taken to imply a more accurate linkage between correlatedparameterp (=the number of interchangeable H atoms in the
quantities than in fact exists. Although the citation of error HX molecule) such that the real correlation should be between
limits on gradients and intercepts (not employed by?t8) in Aq/p andVy rather thamA; andVy. ThusA;(X = H) = [AH¢°-
principle would overcome this objection, this can also be (SiH,) — AH;°(H.)] is divided by 2. This point, also shown in
deceptive with such equations because usually the standardcigure 1 (as X= H'), perfectly fits the correlation line.

deviations of slopes and intercepts are highly correlated. However, for the points we have added(X = SiHz) = [AH°-
(SiHe) — AH;°(SiHg)] and A1(X = CH3) = [AH;°(SiH3;CH3)
€ Abstract published ilAdvance ACS Abstract$yovember 1, 1997. — AH;:°(CHyg)] should be divided by 4. It can be seen that,
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Figure 1. Correlation of A/kJ mol! with covalent potential. The
primed points show the values fa/p (see text). The line shown is
the best fit for F, Cl, Br, I, and H

TABLE 2: Enthalpy of Formation Data (kJ mol ~1) for the
Trimethylsilyl/Methyl Compound Difference (A,)
Correlation with Electronegativity

X VAT AHP(MesSiX)2  AHP(MeX)P Az
OH 8.11 500+ 3 —-201.7£0.4 —298.3+3
cl 7.04 3544+ 3 —82.0+0.4 —272.0+3
Br 6.13 298+ 4 —35.6+12 —262.4+4
| 5.25 —2224+4 +14.6+1.3 -236.6+4
CH;  5.19 -233.2+ 3 —-83.7+0.4 —149.5+3
SiH;  3.41 -111.8+4 -29.14+ 48  —82.7+6
H 2.70 -163.4+ 4 ~745+0.4 —88.9+4

aData taken from ref 12 Data taken from ref 4, except where stated.

whereas the unmodified\;(X = SiHz) does not fit the
correlation line, the modified value is quite close. If the small
deviation is taken as significant, then to fit perfectly requires
the suggested alterati¥hto AH;°(Si;Hg). However for X=
CHs, neitherA; nor A4/p fit the correlation. The departure from
the plot is significant and well beyond any experimental error.
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Figure 2. Correlation ofA,/kJ mol~* with covalent potential. The solid
line is the best fit for OH, Cl, Br, and |. The dashed line is the fit to
the H and CH only.

TABLE 3: Enthalpy of Formation Differences (As, kJ
Mol ~1)a between Trimethylsilyl and Silyl Compounds for the
Correlation with Electronegativity

X Vil (A) 1 As
F 9.915 —209+ 10
cl 7.04 —218+ 10
Br 6.13 —234+ 10
[ 5.25 —220+9
CH; 5.19 —204+5
SiH; 3.41 —192.14+ 4
H 2.70 —197.7+ 4

aSee Tables 1 and 2 for specifidH;® values, apart from
AH¢°(MesSiF) = —568 + 6 kJ mol™? from ref 1.

SiH3; points complicates the issue since it does not lie on the
X = H, CHz line although there is no questionaitype bonding

in Si—Si bonds. Either this correlation does not work forX

H, SiHs, and CH, or a revision of ca—23 kJ mof ™ is necessary
for AH{°(MesSiSiHz) (taking it from—112 to—135 kJ mot™?).

Our conclusion is that this correlation must be treated with It is true that AHi°(MesSiSiHs) is not an experimentally
caution. There may be deep-seated factors that cause sucliletermined quantity; its value has been obtained via interpola-

correlations to break down over too wide a range of compoundstion? between AH;°(Si;He) and AH:°(MesSiSiMes).

and that the use of the parameterto improve things is
questionable. This is discussed further below.
(i) A2 = [AH(MesSiX) — AH(MeX)]. The published

Such
interpolations, however have strong backing evidéhtand
have been used by LB themselv@8. That AH;°(MesSiSiHs)
should be in error by such an amount seems extremely unlikely.

enthalpy data for this correlation are shown in Table 2. These |t is worth noting that the change required fiH;°(MesSiSiHs)

are essentially those used by{,But once again we have added
data for X= SiHz not previously included. Additionally the
data sets forAH:°(MesSiBr) and AH:°(MesSil) have been
revised as a result of new measuremehts. Figure 2 shows
the correlation between, andV,. LB° made substantial use
of this plot. The good correlation line for X OH, ClI, Br,
and | was used to obtain estimates fdr:°(MesSiX) for X =

F, NHp, and SH. On the same basis we obtain slightly revised

values of AH{°(MesSiF) = —568 kJ mot?, AH;°(Me3SiNHy)
= —291 kJ mot?, and AH°(MesSiSH) = —273 kJ mot?,
compared to their valuésf —572,—289, and—269 kJ mot?,
respectively. LB then argued that for molecules containing
Si—X, where X possesses a lone pair,p d z-type back-

to make it fit theA, correlation withVx would not be consistent
with the change required to makéH;°(Si;He) fit the correlation
of A4/p with V.

(iii) Az = [AHP(MesSiX) — AH°(SiHzX)]. The published
enthalpy data for this correlation are shown in Table 3. They
are essentially those used by EBut with the small modifica-
tions to AH;°(Me3SiBr) and AH:°(MesSil) mentioned earlier.
The plot is drawn in Figwer 3 , and the line shown can only be
tolerably well-defined provided one usasi°(MesSiF) obtained
from the A, versusVy correlation. This then suggests the
probable deviation of the X= | point and is consistent with
the revision ofAH;°(SiH3l) as recommendédand as indicated

bonding occurs between X and Si, strengthening the bond in aby theAx versusV correlation. Once again thes values for

similar way for all such molecules. The idea was reinforced
by drawing a line through the two points % H, CHs that is
nearly parallel to the first line. Since-type back-bonding is
not possible for X= H, CHj, this seemed a persuasive argument
in favor of a constant p> d back-bonding contribution for those
cases where it is possible. However, the inclusion of the X

molecules with the nonhalogenated substituents do not fall on
the line, even within fairly large experimental errors. This
implies that the methyl substituent effect on the-%ibond
dissociation energies cannot correlate smoothly with electrone-
gativity across this range of substituents, X. Thus again this
correlation, while having some value, is also limited in its scope.
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Figure 3. Correlation ofAs/kJ mol-* with covalent potential. The solid
line is the best fit for F, Cl, and Br.

TABLE 4: Standard Enthalpies of Formation (kJ mol %) of
Silanes

compound AH¢° 2
SiH,4 343+1.2
Si;Hs 80.0+ 1.5
SizHs 121+ 4.4

aData taken from ref 1.

(iv) Aam = [AH’(MenSk-mX) — AH°(CH3X)]. This is a
series of three correlations depending on whether 1, 2, or
3, which have been discussed by £B.Whenm = 3 this
becomes the correlatiofr, versusVy discussed by us above.
Unfortunately form = 1 or 2 they become a series of “two-
point lines”, since the data are only available for=XH, CHs.
We do not show these in a figure here but'Bave derived
the relationship:

A, n/kcal mol* = (41.1— 15.5m) — (5.23+ 0.2an)V, (1)

They then assume that this applies @b substituentsnot
participating in p— d z-type back-bonding (another similar,
but not identical, equation is derived for theype back-bonding
substituents, viz, halogen, OH, SH, and NH From this
equation a set of group additivity valdésvas derived among
which wasAH;°[Si—(Si)(H)s] = 32.6 kJ mot?, consistent with
AH¢°(Si;Hg) = 65 kJ mofL. This is very closely equivalent to
taking the equation above with= 0 andVy = 3.41 (Si), which
gives AH{°(SiHg) = 68 kJ molL. This is the origin of the
claim by LB that the experimental value of 80 kJ mbmight
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TABLE 5: Enthalpy of Formation Data (kJ mol ~1) for the
Methyl/Hydrogen Compound Difference (As) Correlation
with Electronegativity

X WA AHP(CHsX)?  AHP(HX)® As pe
F 9.915 -—233.9+2 —2732+0.8 +39.3+£22 1
OH 811 —201.7+0.4 —241.8£0.04 +40.1+0.4 2
cl 7.04  —82.0+04 -923+01 +10.3+0.4 1
NH, 6.67  —23.0+04 —46.0+04 +23.0+06 3
Br 6.13  —35.6+1.2 -36.3+£0.17 +07+13 1
SH 577  —23.0+08 -205+04 —25+0.9 2
| 525  +14.6+13 +265+0.13 —11.9+1.3 1
CHs 519  —-83.7+04 —745+04 —-92+06 4
SiH; 341  —29.1+4.0 +343+12 -634+42 4
H 270  —745+04 0 ~745+04 2
GeHs 324  +422+49  +90.4+2 —482+6 4
SnH, 283 +117.6449 +1628+2 —452+6 4

a Data taken from ref 4, unless otherwise stated. See also Table 2.
b Data taken from ref 5, unless otherwise stated. See also Tabfet.
text for definition.d See text and ref 2E.From ref 15.

Another link in the sequence dfH;° values of the silicon
hydrides isAH:°(SiHz) with an impressively large number of
recently consistent determinatiohsn particular from the
kinetics of the series of reactions

SiH, = SiH, + H, @)
Si,Hg = SiH, + SiH, 3)
Si;Hg = SiH, + Si)H, (4)

which have been studied in both directions under similar
conditions, a consistent value &fH;°(SiH,) = 2734 2 kJ mol™?
emerges:181° Thus the difference foAH°(Si;Hg) — AH;°-
(SiHg) can be linked to that oAH:°(SiHs) — AH{°(H2). But
since AH¢°(Hy) is zero, this linksAH:°(Si;Hg) to AH:°(SiHg)
directly. The equilibrium data give no indication of error in
the value of 80 kJ mol used forAH°(Si;Hg) in any of these
thermodynamic calculations. An error of 16 kJ mbl(as
required by LB? would give serious inconsistencies.

Further Correlations

These considerations lead us finally to try to assess the
original correlatio from which all these arguments over silicon
and organosilicon thermochemistry have arisen. This was the
correlation ofAs = [AH;*(MeX) — AH¢°(HX)] versusVy. The
data for this correlation are shown in Table 5. They are
essentially those used by EBut with figures for X= Gehs

be in error and need revision. From the considerations in this and SnH added. Figure 4 shows the correlation betwagn
paper we see that the claim originates from the assumption thatand Vy. It is immediately apparent that the unmodified data

data for SiH substituents should lie on the two-point correlation

show a good deal of scatter around any attempted correlation

lines for H and CH substituents, a questionable argument at line. This led LB to introduce the parametgr (vide supra)

best.
The Reliability of AH:°(Si;He). We briefly review the

and modify the correlation tds/p versusVy. This then neatly
splits the data into two groups, the diatomic HX molecules and

experimental evidence for this quantity here. The original data the polyatomic HX species, which then correlate around two

was obtained by Gunn and Gréerusing a calorimeter to

separate but distinct straight lines of different slope (as shown).

measure the enthalpy of its explosive decomposition. With a Once again this is beguilingly appealing but can lead to
subsequent but small change, due to a revision of the referencaleception. We have added the points forXGeH; and SnH

enthalpy of formation of amorphous silicéfithis led toAH;°-
(Si;He) = 80.0+ 1.5 kJ mot™. Is there any reason to question
this value? The enthalpies of formation of 3jFbibHes, and
SisHg (shown in Table 4) form a consistent set and are
reasonably matched by theoretical calculatibiibus if AHz°-
(SioHg) were in error almost certainlH;°(SizHg) would have

to be also (it was obtained by Gunn and Gréersing the same
method).

(for which p = 4), and it can be seen that these addefl
values do not fit very well the polyatomics correlation line. To
obtain the data for these points, we have had to consider some
estimated thermochemistry. This involvA$i;°(MeGeH;) =

42 + 4 kJ mol! and AH°(MeSnH;) = 118 &+ 4 kJ mol 2.
These are obtained by linear interpolation between the values
for AH;°(MH,4) and AH;°(MMe,) for M = Ge and Sn. The
procedure is known to work well for M= Si2® The enthalpy
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Figure 4. Correlation of As/kJ mol™? (points represented by open  Figure 5. Correlation ofAg/kd mol* with covalent potential. The curve

symbols: atoms, circles; polyatoms, squares) with covalent potential. represents a best fit to all the data.

The primed points (solid symbols) show the valuesAgip (see text). )

The solid line is the best fit for F, Cl, Br, I, and' HThe dashed lineis ~ TABLE 6: Average Enthalpy Differences (As, kJ Mol )2 on

the best fit for OM, NH,', SH, CHy, and SiH. Hydrogen-for-Methyl Substitution for the Correlation with
Electronegativity

values for MH, and MMe, have been taken from a recentreview X VJ/(A)™  AH(MenX) AHP(HwX) m As

of organogermanium and organotin thermochemitapd are B 3.66 —123+10° 4924+ 10° 3 47245
thought to be reliable. LBdid not consider these arguments C 519  —167.4+0.7  —745+04 4 +232+02
but in fact confidently suggested that the polyatomic correlation Si 3.41  —233.2+ 3d +34.3+ 1é2 4 +66.9+0.8
of As/p versusVy was good enough to predidtH;’(MeGeH) Ge 324 -—1038+8 1904420 4 +48.6+2.1
= 18 + 8 kJ molt and AH;°(MeSnH) = 78 + 8 kJ mol! Sn 2.83 —20.3+1.9 +162.84+2 4 +45.8+0.7
. ok . ! 6.67 —23.7+ 0.6 —46.0+04 3 —7.4+0.2
values well out_s,lde the limits of our estimates (and currently = 455 —101.14+5%3 4544+17 3 +355+1.90
accepted experimental error). Thus here again the problem withAs  4.20 +12.64+10. +66.5+ 2f 3 +18.0+ 34
this correlation is that it only works with a limited set of data Sb ~ 3.62 ~ +32.1+25.2 +14514+04 3 +37.7+84
and with the dubious use of the paramater O 811 -1840+£05 -2418+004 2 -289+03
. . Rikad i S 5.77 -375+05%  —-2054+04 2 +85+05
In;erestmgly, Benson_, Francis, anc_i Tsotsibad earlier F 9915 —233.9+ 2 —273.24 0.8 1 —-393+22
published the nearly equivalent correlation of average Me-for-H c|  7.04 —82.0+ 0.4 -923+01 1 -10.3+0.4
replacement enthalpy versus Pauling electronegativity and foundBr ~ 6.13 —35.6+1.2 -36.3+£0.17 1 —07+13
the best correlation showed significant curvature. The advantage! 5.25 +14.6+£13  +265+£013 1 +119+13
2.70 —745+ 04 0 1 +745+04

of this earlier correlation was that by using average Me-for-H
replacement energies, the correlation could draw on a signifi- 2 Data taken from previous tables unless statéadom ref 23.c From
cantly larger database than I15BThe disadvantage is that only ~ ref 24.¢From ref 21.2 From ref 15.' From ref 25.9 From ref 5.
average Me-for-H replacement enthalpy values are used and

for some specific sets of molecules (e.gCH MeOH, MeO) as the best modern scale of electronegativity is not contradicted
particular Me-for-H replacement enthalpies vary significantly by these findings. The danger of two-point correlations is shown
from one another and therefore the average. It would appearin the erroneous predictions faH:°(SizHe). The danger of
that this is a particular problem with first row elements but may the parameterp, is shown by erroneous predictions #H;°-

not be serious for elements in other rows of the periodic table. (MeGehs) and AHt*(MeSnH).

To compare directly the approach of Benson, Francis, and

Tsotsig? that of with LB5 we have redrawn the former Acknowledgment. We thank the DGICYT (Spain) for
correlation of Ag = (UM)[AHP(HnX) — AHi°(MenX)] with support to R.B. under grant project PB94-0218-C02-01.

Vy instead ofyn, (Pauling electronegativity). This is shown in

Figure 5, and the data are listed in Table 6. Curvature in the References and Notes
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