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Abstract

We have developed high-pressure photoacoustic calorimetry to determine the volume of reaction for organometallic compounds. Th
allows the calculation of reaction enthalpies from the photoacoustic data. The photoacoustic signal for chromium hexacarbonyl witl
acetonitrile in heptane was examined from near ambient pressure to 100 MPa. Two components of the signal were resolved at 10—20 i
acetonitrile. The fast component is attributed to CO displacement by heptd@:6), while the slow component{ ws) is attributed to
the subsequent displacement of heptane by acetonitrile. The amplitude of both components were pressure dependent demonstrating tha
volumes of each reaction made a significant contribution to the photoacoustic sigiaatd 17 ml mot?, respectively). The enthalpies
of CO displacement by heptane are 28 kcalMalnd heptane displacement by acetonitrile-22 kcal mot1. Neglect of the volumes of
reaction in the PAC experiments can lead to an error of 6 kcaltn@ 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction W-heptane bond energy. Photoacoustic calorimetry (PAC)
offers an alternative method to determine the M—alkane bond
Coordinatively unsaturated metal complexes are proposedenergy. With PAC, the heat of reaction is measured via an
intermediates in many reactions, and the structure and prop-ultrasonic transducer that detects a sound wave caused by
erties of these intermediates are important in understandinglaser initiated reactions. The M—alkane bond energy can be
their reactivity [1]. Studies of M(CQ)(M = Cr, Mo, W), determine from the heat of CO displacement by an alkane
in particular, have been important in advancing the under- (reaction 1) since the heat of this displacement is equal to
standing of transition metal intermediates. Early matrix iso- the difference in bond energies formed and broken. PAC
lation studies of M(CQ) (see Egs. (1) and (2)) were the results have given M-alkane bond energies greater than
first to show that coordinatively unsaturated complexes like that estimated from activation enthalpies, in some cases,
M(CO)s can coordinate alkanes at what previously had been 10 kcal mot! greater; therefore, we have reexamined the

assumed to be a vacant coordination site [2]. experimental methods and theory for discrepancies [4].
. The determination of the heat of a reaction by PAC is not
M(CO)g + alkane>M (CO)s(alkane + CO (1) always straightforward. While the photoacoustic signal de-
ho pends on thermal expansion caused by the liberation of heat,
M(CO)s(alkang + L—M(CO)sL + alkane (2) it can also depend on the volume of reaction, i.e. the differ-

Subsequent kinetic studies have shown that the activationS"c€ N partial molar volumes of reactants and products or

barrier is significant for displacement of a coordinated alkane mtebrme(illates. P_;ﬁV'O_USIy' tge V(_)tlume of reaCtt'OC? tfr? rtn:etal
solvent with various Lewis bases. For example, the activation ca; c_)ny_? Waf erther |t%nore| or it was sug%es g 0 d'a 't was
enthalpy for dissociative heptane displacement by 1-hexene10" Stgniticant, since the volume increase tor Issocia-
was found to be 8.3 kcal mot for W(CO)s(heptane) [3]. It tion would be offset by solvent coordination [4—6]. Further-

has been proposed that this represents a lower limit for theMore: the ther”?a' expan5|on_of organic SO'VeT‘tS 1S large,
and by comparison the reaction volume contribution was

* Corresponding author. Tek:1-901-678-3447; fax1-901-678-2634. expected to be negligible. While these arguments seemed
E-mail addressitburkey@memphis.edu (T.J. Burkey). reasonable, the fact remained that the volumes of these

1010-6030/00/$ — see front matter © 2000 Elsevier Science B.V. All rights reserved.
PIl: S1010-6030(00)00371-3



136 G.J. Farrell, T.J. Burkey/Journal of Photochemistry and Photobiology A: Chemistry 137 (2000) 135-139

reactions had never been determined. Since the metal—-alkaneeturns by internal conversion to the ground state with a unit

bond is weak, the volume decrease during bond formation quantum yield. The ratio of sample and reference signal am-

could be small and may not offset the volume increase of plitudes represented hi in Eq. (7), is obtained by dividing

CO dissociation. In general, the change in the solvent orga-Eq. (3) by Eqg. (6) and making substitutions from Eqgs. (4)

nization around the reaction species is not well understood.and (5) for APy, and APy. The heat from processes that
Various methods have been developed to resolve the con-are much faster than the transducer response (in this case

tributions of thermal expansion and volume of reaction for <10~'s) are denoted with a subscript 1.

PAC [5,7]. Each method depends on changing the thermal

expansion of the solvent while maintaining the volume of A P = hvx (6)
reaction. This has been done previously by changing the Vo

temperature or using a series of linear alkanes. Changing S AP En AV®

the temperature works well in aqueous solutions where the® = ¢ = = Ap =~ 7y hvx 7

thermal expansion is very dependent on temperature near ] )

3°C. This is not a solution for the study of metal—alkane in- As described in Eq. (8), the heat from these processes depend
teractions since water would preferentially bind the metal. ©Nly onhv and the enthalpy of fast reactions if there is
Changing the temperature of a hydrocarbon solution is not N© luminescence. Taking into account that the enthalpy is
satisfactory, since the thermal expansion of hydrocarbonsPressure dependent as shown in Eq. (9), substitutions for
is insensitive to temperature. In another approach, a seriestth ahd AH and rearrangement of Eq. (7) yields Eqg. (10).
of linear alkanes has been used successfully to change thd he solvent parametey changes with pressure, agd is
thermal expansion, but this may not be an adequate methodietermined experimentally, thus, a plot k(1 — ¢1)/®

for studying metal-alkane bonding since the metal-alkane Versus (Xx — P) yields the enthalpy at ambient pressure

bond strength may also change [8]. (intercept) and the volume of reaction (slope).

_ Recently_ we have demonstrated_ that the thermal expan-p. — hy — GAH, @)
sion for a single solvent can be varied for PAC by changing
the pressure [9]. In the current study, we have examined AH; = AE + AVP= AHp_g + AVP 9)

the photoacoustic signal for photolysis of chromium hex-
acarbonyl in heptane at pressures up to 100 MPa. We repor
the enthalpy and volume for CO substitution by heptane,

Eq. (1) (M = Cr), and for heptane substitution by ace- sjower processes that occur on a time scale comparable
tonitrile, Eq. (2) (L= acetonitrile). The results show that to the transducer response time {1610°s) are denoted

the volume of reaction can have a Significant effect on the with a Subscript 2. These processes cause a phase shift in
determination of the enthalpies of organometallic reactions the signal, and the amplitude of this contribution can be
in organic solvents. resolved from that of the faster processes [10]. Noting that
the photon energy does not contribute to the heat observed on
this slower time scale, the analogous expressions Egs. (11)
and (12) were derived. Deconvolution of the signal provides
the relative amplitudes of the two components &nd¢»)

The amplitude §) of the PAC signal is dependent on pres- gnd the lifetime of the second component.
sure changes caused by thermal expansidRy{) or the

volume of reaction £Py) as shown in Eq. (3)K: instru- Eth = —PAH; (11)
ment constant). The pressure change resulting from thermal _ P
expansion, expressed in Eq. (4), is a function of the total
heat released,), the coefficient of thermal expansiof)(
heat capacity@p), density p), photolyzed volume\(p), and
isothermal compressibility«). The pressure change due to 3. Experimental
the volume of reactionAV) is expressed by Eq. (5), where
AV = —AVjp. In contrast, the pressure change from a

{vd=9y _ AHy p_o— AVy (1 - P> (10)
X

2. Theory

1
2 — AHyp_g— AV, <— - P> (12)
X

Chromium hexacarbonyl (Aldrich) and ferrocene (Ethyl

S=KAP =K(APn+ APy) (3) Corporation) were purified by vacuum sublimation.
E Heptane (Aldrich, HPLC) was distilled under argon after

APy = (X (X = i) (4) refluxing overnight over sodium. Acetonitrile was distilled
Vo Crp from calcium hydride. Sample preparation for PAC exper-
AVD iments have been described previously [4]. In a typical

APy = Vok ®) experiment, a heptane solution of acetonitrile (20 mM) and

reference sample is dependent only on the energy of the i1he rates of these processes cannot be determined or resolved from
absorbed light, as shown in Eqg. (6), if the excited state each other.
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Fig. 1. Photoacoustic signals in heptane at 62 MPa for ferrocene (filled circles), chromium hexacarbonyl carbonyl and 10 mM acetonitrile (es)pty circl
simulation waveform (fitted linep; = 0.837, ¢» = 0.123,7 = 4.9 x 107 's).

chromium hexacarbonyl (0.2 mM) was prepared in a glove phase shifted relative to that for ferrocene (Fig. 1). When
box and transferred to a stainless steel bellows. Ferrocenghe acetonitrile concentration is 200 mM, the amplitude of
in heptane was used as the PAC reference solution. Thethe signal for the chromium hexacarbonyl solution increases,
concentration of the ferrocene (ca. 6 mMM) was adjusted and no phase shift is detected. On the other hand, when the
to match the absorbance of the chromium hexacarbonylacetonitrile concentration is 0.5mM, the signal decreases
solution (Oy37 = 0.1, 0.6 cm path length). and again no phase shift is detected. PAC measurements
The high-pressure PAC apparatus and operation havewere recorded at 1.4, 20.7, 41.4, 62.0, 83, and 103 MPa.
been described recently [9]. The high-pressure cell was Deconvolution of the signal for chromium hexacarbonyl
maintained at 2® + 0.1 C, and a 1 MHz transducer was (10-20 mM acetonitrile) with a ferrocene signal at the same
used for all experiments (Panametrics V-103). Chromium pressure revealed a fagt;) and a slow ¢2) component. As
hexacarbonyl solutions in the high-pressure cell were pulsedthe pressure increasepl increasedg, decreased, and the
at 0.3 Hz (800 ps, 337.1 nm, 2@ per pulse). To ensure that lifetime of ¢, decreased (lifetimes were2l0~'—6x 10~ ' s
only fresh chromium hexacarbony! solution was irradiated, depending on the pressure and acetonitrile concentrafion).
0.12 ml was delivered to the cell between each laser pulse.A plot of hv(1—¢1)/® versug1l/x — P) is shown in Fig. 2,
Ferrocene solutions were measured within 5 min of the mea-and plot of —hv¢2/® versus(1/x — P) shown in Fig. 3.
surement of chromium hexacarbonyl solutions. In general,
a measurement consisted of a signal averaged from 8 to 16
laser pulses. The averaged signal was corrected for variations$. Discussion
in pulse energies, background signal obtained from pure
heptane, and sample absorption. Corrected signals were ana- The assignment ap1 and ¢> to reactions 1 or 2 (M=
lyzed with MQ or Sound Analysis 32 (Quantum Northwest, Cr; alkane= heptane; L= acetonitrile) varies with the
Spokane). At each pressure, measurements were obtainedoncentration of added Lewis base. It has been established
for five independently prepared solutions of chromium hex- that photolysis of chromium hexacarbonyl leads to dissoci-
acarbonyl, and three to four measurements were recordedhtion of CO followed by alkane solvent coordination on a
for each solution. The quantum yields and solvent properties sub-picosecond time scale [15,16]. Subsequently the solvent

at each pressure were obtained from the literature [11-13].
2 After establishing that there was no signal on the timescale of the
transducer for 0.5 and 200 mM, only one concentration (10 or 20 mM) was
4. Results used at each pressure to determiie Although a single concentration
is not appropriate for calculating a second-order rate constant, it can
. L . be estimated. For example, at 103MPa the lifetime #5210 "s at
] The ampm_“Ude of the aCOUStIC_SlgnaI following phOt_O'Y' 22 mmol acetonitirile (density corrected) and yield® ¥ 108 M~1s!
sis of chromium hexacarbonyl with 10-20 mM acetonitrile  (assuming no zero-order reactions). For comparison, the rate constant is

(uncorrected for density changes) in heptane is less than, and.6 x 10°M~1s~! at ambient pressure [14].
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301 observed, the rate of reaction 2 is slower and comparable
to the response of the transducer, thus two components are
observed. Therefore); is assigned to reaction 1 ad is
assigned to reaction 2. At 0.5mM acetonitrile, the rate of
reaction 2 is too slow to be detected by the transducer, and
only reaction 1 contributes to the signal, apdis assigned
to reaction 1.

The ¢1 and ¢, values obtained with 10—20 mM acetoni-
trile at various pressures were used in Egs. (10) and (12) to
20 determine the enthalpies and volumes of reaction for reac-
tions 1 and 2, respectively. Plots of these equations in Figs. 2
and 3 show non-zero slopes, which demonstrate that the
volumes of reaction make a significant contribution to the
photoacoustic signals. From linear regressions of the data,

15 , , , , , we obtainAH; = 27.6 + 0.8kcalmoll, AV; = 208 +
0 0.1 0.2 0.3 0.4 05 1.9mimol Y, AH, = —220+ 1.1kcalmol?, andAV, =
1/y, - P (kcal/mL) —16.7 + 2.8 mlmol~1. Furthermore, the enthalpy and vol-
ume of reaction for CO substitution by acetonitrile can be
Fig. 2. Pressure dependencedaf in Eqg. (10) (the unshifted component  calculated from this dataAH1 + AH> = 5.6 kcal mol1
of the photoaco_ustic signql)_following 337 nm photolysis pf chromium and AVy + AV, = 4.1 ml moI*l). Reaction 1 is expected
:gﬁgfssrtﬁﬁyl with acetonitrile (relative to ferrocene). Line is least- to be endothermic since the bond formed (Cr—heptane) is
weaker than the bond broken (Cr—CO). Likewise, reaction
2 is exothermic since the bond formed (Cr—acetonitrile) is
is displaced by various ligands at millimolar concentrations stronger than the one broken (Cr—heptane). If we neglect the
on a microsecond time scale [17,18]. At 200 mM acetoni- volumes of reaction by calculatingH; andAH> at a single
trile, displacement of heptane by acetonitrile (reaction 2) pressure, then errors of 5-6 kcal mblresult. As an exam-
is much faster than the response of the transducer, and theple, 21.5 and-17.4 kcal mot ! are obtained, respectively, at
signal from this reaction cannot be resolved from that for 1.4 MPa. The errors are even larger at higher pressures. On
CO dissociation (reaction 1). Consequently, both reactions the other hand, the sum of these values (4.1 kcathdb
1 and 2 contribute to the amplitude of the signal without a within experimental error (1.5 kcal mot) of the AH; and
phase shift relative to the reference sample, and ¢nlis AHa values obtained by correcting for the volume of reac-
detected. Under these conditiogsg,is assigned to reactions tion. Further studies are necessary to see if this is a general
1 and 2. At 10-20mM acetonitrile, where a phase shift is finding for the substitution of ligands of similar bond ener-
gies and symmetries.

10 - Having accounted for the volumes of reaction, it is pos-
sible to calculate the metal-ligand bond energies. From the
Cr—CO bond energy (3842 kcal mot1) [19] andAH4, the
Cr-heptane bond energy is89+ 2.2 kcal mot-L. Similarly,

a Cr—acetonitrile bond energy of 24 2.4 kcalmol?! can
be calculated from the Cr—CO bond energy1, andAHo.

The volume changes are large for both reactions 1 and
2. For reaction 1, the result is close to that observed
for diphenylcyclopropenone (24mlmdl, Scheme 1)
[8,9,20,21]. It is obvious that there is a much greater change
in the interatomic distance for atoms involved in bond break-
ing than for the atoms of unbroken bonds. Since Cr@0O)
and CO are no longer within the van der Waals radii of each

25

(1-¢1)hv/® (kcal/mol)

-p2hv/® (kcal/mol)

-25 . . — —— (0] I(I)I
0 0.1 0.2 0.3 0.4 0.5 I

C
1/y - P (kcal/mL)

C
h
c=c — > +
Fig. 3. Pressure dependence @f in Eq. (12) (the shifted component

of the photoacoustic signal) following 337 nm photolysis of chromium
hexacarbonyl with acetonitrile (relative to ferrocene). Line is least-

squares fit. Scheme 1.
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other, their volume must be greater than Cr(g®Lr(CO)s [4] G.-L. Leu, T.J. Burkey, Alkane coordination by molybdenum and
and CO undergo little rearrangement (bond angles and chromium pentacarbonyls: an examination of the energetics of
lengths). This is supported by experimental and theoretical ~ ntermolecular agostic bonding, J. Coord. Chem. 34 (1995) 87—
studies [22'23]' Itis a general observation that there is about [5] KS Peters, Time-resolved photoacoustic calorimetry: from carbenes
a 10 mImot activation volume for reactions with a single to proteins, Angew. Chem. Int. Ed. 33 (1994) 294-302.

bond cleavage [24]. On this basis, we would interpret that a [6] T.J. Burkey, Photoacoustic calorimetry studies of ligand-exchange of
chromium-carbon double bond is being broken in chromium laj“Fthr?ti; amzeig;gh gégcl@;g;”c effects and hydrogen bonding,
.hexacarbonyl’ yet this |.nterpretat|on Overloo.ks the. complex- [71 L.?J.)\/]. T_ar;\)rrl"love()n, P. )Mulder, D.D.M Wayner, Determination of bond
ity of the reaction. Unlike CI’(CQ,) an organic radical ap- dissociation enthalpies in solution by photoacoustic calorimetry, Acc.
parently does not interact with a medium made up of closed Chem. Res. 32 (1999) 342-349.

shell molecules. The formation of a Cr—alkane bond is likely [8] R.R. Hung, J.J. Grabowski, Enthalpy measurements in organic

to have a negative volume contribution, but it is not clear solvents by photoacoustic calorimetry: a solution to the reaction
how this bond forming process affects solvent organization . Volume problem, J. Am. Chem. Soc. 114 (1992) 351-353. .
;i . [9] J.A. Daffron, G.J. Farrell, T.J. Burkey, High-pressure photoacoustic
around the Cr(CQJalkane) complex. Studies of ligands that calorimetry, Rev. Sci. Instrum. 71 (2000) 3882-3885.
bond differently than CO or acetonitrile may provide clues [10] J. Rudzki Small, L.J. Libertini, E.W. Small, Analysis of photoacoustic
to explain the role of Cr—alkane bonds in reaction volumes. waveforms using the nonlinear least squares method, Biophys. Chem.
The factors affecting volume changes for reaction 1 42 (1992) 29-48.

should be similar to that for reaction 2. The volume decrease [11] S. Wieland, R. van Eldik, Effect of solvent and pressure on the
: reactivity of photoproduced M(C®) transients, as revealed by

for heptane displacement by acetonitrile is somewhat less  gpserved quantum yields for the photosubstitution of ME®) =
than for heptane displacement by CO. Since the symmetry  Cr, Mo, W), J. Phys. Chem. 94 (1990) 5865-5870.
of the two ligands is so similar, it is likely that the solvent [12] TF. Sun, S.AAR.C. Bominaar, C.A. ten Seldam, S.N. Biswas,
reorganization for the two processes is also going to be sim- Evaluation of the thermophysical properties of toluene ieptane
ilar Although both CO and acetonitrile haveand bonds from 180 to 320 K and up to 260 MPa from speed-of-sound data,
o . . - . Ber. Bunsenges. Phys. Chem. 95 (1991) 696-703.
with the metal center, the bonding with CO is stronger (vide [13] M.J.P. Muringer, N.J. Trappeniers, S.N. Biswas, The effect of
supra) and may be expected to be shorter, so a greater volume  pressure on the sound velocity and density of toluenerahelptane
decrease is observed for the Cr—CO bond forming process. ~ up to 2600 bar, Phys. Chem. Liq. 14 (1985) 273-296.
In conclusion, the volume of reaction is large for hep- [14] G.K. Yang, K.S. Peters, V. Vaida, Strengths of the metal-ligand bond

- . . in LCr(CO)s Measured by photoacoustic calorimetry, Chem. Phys.
tane substitution of strongly binding ligands such as CO and Lett. 125 (1986) 566-568.

acetonitrile on Cr(CQ)and significantly affects the photoa- [15] B.J. King, J.C. Schwartz, J.Z. Zhang, C.B. Harris, Direct femtosecond
coustic signal in PAC measurements. Neglect of volume of measurements of single collision dominated geminate recombination
reaction causes a |arge error in the calculation of the en- times of small molecules in liquids, Chem. Phys. Lett. 203 (1993)

: : 503-508.
thalples' for.these reactions. On .the. other hand, the VOIume[16] J.C. King, J.Z. Zhang, B.J. Schwartz, C.B. Harris, Vibrational
of reaction is small for CO substitution by acetonitrile, and relaxation of M(CO} (M = Cr, Mo, W): effect of metal mass
its neglect causes a small error in the calculation of reaction on vibrational cooling dynamics and non-Boltzmann internal energy
or bond enthalpies. distributions, J. Chem. Phys. 99 (1993) 7595-7601.
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