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ABSTRACT
This article reviews the current state of thermochemistry (enthalpies of formation) of germanium and organogermanium compounds. While the emphasis is on data from experimental measurements, results of quantum chemical (ab initio) calculations are also included. We provide a set of current best values for GeX4 compounds (X = H, Me, F, Cl, Br, I) as well as mixed GeXnY4-n compounds. Also included are Ge/C/H, Ge/C/H/O, Ge/C/H/N compounds and Ge2 and Ge3 containing molecules. Further inclusions are data for species such as GeX3 (free radicals), GeX2 (germylenes) and π-bonded molecules which play prominent roles as intermediates in many thermal and photochemical reactions of germanium compounds. Bond dissociation enthalpies are derived for most commonly encountered Ge-X bonds. The evaluation of preferred values is assisted by exploiting relationships (increments, substituent effects) within specific series and between series.
List of topics









          Page
Abbreviations









    3
1. INTRODUCTION








    4
2. COMPOUNDS OF TETRAVALENT GERMANIUM



    6
(a) GeX4 compounds








    6
(b) GeXnY4-n compounds







  10
(i) Halides








  10
(ii) Methylgermanes and methyl germanium halides



  12
(c) Organogermanes 








  15
(i) (Ge/C/H) compounds







  15
(ii) (Ge/C/H/O) compounds






  17
(iii) (Ge/C/H/N) compounds






  19
(d) Di- and tri-germanium containing compounds




  20
3. FREE RADICALS AND BOND DISSOCIATION ENTHALPIES

 
  22
4. OTHER GERMANIUM CONTAINING SPECIES




  28
(a) Germylenes








  28
(b) π-bonded species








  34
5. APPENDIX









  39
6.
CONCLUSION









  39
7.
REFERENCES AND NOTES







  40
Abbreviations
B3LYP


Becke, 3-parameter, Lee-Yang-Parr

BDE



Bond Dissociation Enthalpy

CCSD(T)


Coupled Cluster, Singles, Doubles (Triples)

CODATA


Committee on Data for Science and Technology

DFT



Density Funtional Theory

DLPNO-CCSD
Domain based LPNO-CCSD (Local Pair Natural Orbital Coupled Cluster Single Double)

DSSE



Divalent State Stabilization Energy
G2, G3, G4 and variants         Gaussian-n model
IUPAC


International Union of Pure and Applied Chemistry
JANAF


Joint Army, Navy and Airforce

NBS



National Bureau of Standards

NIST



National Institute for Science and Technology

PAC



Photoacoustic

PIMS



Photoionization Mass Spectrometry


QCISD(T)
Quadratic Configuration Interaction, Singles, Doubles (Triples)

QSPR



Quantitative Structure and Property Relationship

RRKM



Rice, Ramsperger, Kassel, Marcus theory

TPEPICO


Threshold Photoelectron Photoionisation Coincidence

1. INTRODUCTION

Several years ago we reviewed1 and subsequent updated2,3 existing knowledge of the thermochemistry of silicon and organosilicon compounds. A similar exercise was carried out by Martinho-Simoes, Liebman and Slayden for organometallic compounds of germanium, tin and lead in 1995,4 which remains the most recent review (apart from Databases, see below). Since, in recent years, we have become interested in the reactivity of germanium compounds, particularly the gas-phase mechanisms of reactions of germylenes, GeR2 (R= H, CH3, etc)5-23, we think that the time has come when a further review of the thermochemistry of germanium compounds would be timely and appropriate. A knowledge of molecular heats of formation and chemical bond dissociation energies has always been regarded as fundamental to the understanding of chemical structure and reactivity. However, during the process of surveying the work published in this area since 1995, we were initially struck by the paucity of experimental papers in this area. It is clear to us that the traditional science of calorimetry, which used to underpin this field is virtually extinct, but if we include results from the kinetics of reversible reactions and mass spectrometry-based appearance potential measurements there is a little more material to consider. Furthermore, the advances in methodology and speed of theoretical calculations employing molecular orbital theory ab initio methods using computerized packages, mean that the number of papers publishing heats of formation has risen almost exponentially in general and to a more limited extent in the particular area of germanium chemistry. It is not always easy (for experimentalists) to judge the quality of results in this area, since the choices of methods is often tempered by whether the authors need to use the highest level of calculation for their particular purposes, however their impact is significant and needs to be fully considered. We are aware that composite methods (G3, G4) are superior to DFT calculations but maybe inferior to extrapolated coupled cluster calculations. As we have remarked before,2,3 the impact of theoretical calculations is double edged. The benefit is access to difficult-to-obtain thermochemical quantities; the danger is an increasingly large edifice of numbers pinned to a proportionately smaller foundation of reliable experimental data. Useful reviews of theoretical activity include those of Karni, Apeloig, Kapp and Schleyer,24 Ganzer, Hartmann and Frenking,25 and Boganov, Egorov, Faustov and Nefedov.26

As with other areas of thermochemistry, data for enthalpies of formation of germanium and organogermanium compounds can be found in databases. NBS,27 CODATA28 and NIST29 contain a limited number of values. Such data have usually been evaluated in some way, but details of this and original references are not provided by NBS27. This makes it difficult for users to appreciate the reliability of some of the values. CODATA28 only has data for Ge (cr, g), GeF4 (g) and GeO2 (cr, tetragonal) but it is fully documented (in the book). The most recent compilation, NIST (often referred to as the NIST webbook)29 is certainly better than NBS27 in this respect (see below), but for some compounds reasons for the selected values are still not clear. Results from other, earlier, evaluations by Pedley and Rylance30 and Pilcher31 have been incorporated into the review by Martinho-Simoes et al4. The NIST-JANAF compilation32, one of the better documented databases, has no germanium-containing species. A useful evaluation and well-documented compilation of thermodynamic data (including enthalpies of formation) of inorganic germanium compounds, up to 1991, has been published by Gurvich, Veyts and Alcock.33

Another approach has been the use of empirical and semi-empirical correlation methods. A well established example of this is the use of additivity schemes. While there are several additivity schemes, most are variants on the same theme. We have previously used the laws of bond and group additivity devised by Benson and colleagues34-36 to assess organosilicon compounds1-3, and we again take this approach here. We also make use of electronegativity correlations which have proved useful in the past4,37,38. Another, relatively newer, method is that of QSPR which has been applied in this area39-41. However all such methods can only test the consistency of existing data and although new numbers can be produced, they will only be as good (at best) as the experimental values on which they are based. We have attempted to provide uncertainties to all of our preferred values, using those of published values where appropriate, combining them where necessary. Inevitably, when wide differences exist between values we have tried to explain our choices, but uncertainties remain subjective. 
2. COMPOUNDS OF TETRAVALENT GERMANIUM
(a) GeX4 compounds


Because the values for the GeX4 compounds are the lynchpin for almost everything in this field we consider them first. Data are available for X = H, Me, F, Cl, Br, I. There are also values for higher alkyl and aryl substituents, but these are considered in section 2. (c) (i). Table 1 shows the values. The experimental value for ΔHfo(GeH4) was obtained calorimetrically by measurement of its heat of decomposition triggered by explosion in excess stibine by Gunn and Green in 1961.42 The value obtained (90.4 kJ mol-1) included a small correction for undecomposed GeH4, which was revised in 196443 to give 90.8 kJ mol-1. There has been no further experimental determination since then. On the other hand there have been several theoretical calculations of ΔHfo(GeH4). These have been tabulated and discussed more recently by Koizumi et al44, who performed their own calculations at the CCSD(T)/CBS level, with corrections for core valence correlation, basis set superposition error, scalar relativistic effects and spin orbit correlation. Their value for ΔHfo(GeH4) was 83 kJ mol-1. We have not carried out a full review of the theoretical calculations of ΔHfo(GeH4) here, but note that there is a feeling in the theoretical community that the calorimetric value may be too high. Our own G4 calculations45 give a value of 81 kJ mol-1, almost identical to an earlier G4 calculation61. Nevertheless one recent paper by Yockel and Wilson46, which employed CCSD(T) with correlation-consistent basis sets allowing relativistic corrections, reports a value of 91 kJ mol-1 (listed by Koizumi et al44 but not cited explicitly). For the moment we do not feel there is enough evidence to discount the experimental value.
Cited literature values for ΔHfo(GeMe4) vary between -86.6 and -134 kJ mol-1. Only two of these, -86.6 ± 8.4 (Shaulov et al47) and -102.6 ± 8.3 (Long and Pulford48), are based on direct experimental determination. Both used static-bomb combustion calorimetry, a method whose main difficulty appears to be to assign the correct structure to the solid combustion product, GeO2 (amorphous, hexagonal or tetragonal).31 The Long and Pulford determination48 assumes the hexagonal form of solid GeO2, and makes careful correction for dissolution of GeO2 in H2O and unburnt Ge and carbon. It would appear to be the best experimental result. In the review by Martinho-Simoes et al,4 the Shaulov et al value47 has been corrected to -89.9 ± 8.4 kJ mol-1 and the Long and Pulford value48 to -103.8 ± 8.3 kJ mol-1, using a different enthalpy of vaporization.49 The NIST webbook29 gives values of -72.8 ± 8.7 and -107.5 ± 6.4 kJ mol-1, with the latter selected. Although the origin of these numbers is not completely clear, all static bomb combustion values have been corrected on the basis that the GeO2 product is in the amorphous form as recommended by Pilcher.31 Steele50 suggested a value of -123 kJ mol-1 for ΔHfo(GeMe4) based on a comparison of the values for Group IV tetramethyl molecules. Lappert et al51proposed a value of -134 ± 13 kJ mol-1 by adjusting the value of ΔHfo(GeEt4)52 with an estimated Me-for-Et increment. The issue of Me-for-Et and other substitution increments is discussed later in this article. The only theoretical value for ΔHfo(GeMe4) is that of Koizumi et al,44 who performed the same high level calculations as for ΔHfo(GeH4) (see above). They obtained a value of -121 kJ mol-1, which they corrected to -123 kJ mol-1 to allow for probable inaccuracies in zero-point vibrational energies. The authors attach an uncertainty of ± 4 kJ mol-1 to this value. The best value for ΔHfo(GeMe4), which is critical for energetics of organogermanium chemistry, is not clear to us. For now we select the theoretical value (together with its uncertainty), but this is considered further in the next sections. 

Experimental values53-56 for ΔHfo(GeF4), obtained by reaction calorimetry, lie closely bunched in the range -1190 to -1192 kJ mol-1. The CODATA28 assessed value of -1190.2 ± 0.5 kJ mol-1 looks to be pretty secure. NIST29 and the Gurvich compilation33 list the same value. The high level calculations of Koizumi et al44 using the same approach as for ΔHfo(GeH4) and ΔHfo(GeMe4) yielded the value -1190 kJ mol-1. In other calculations, Wang and Zhang57 using G3//DFT, obtained -1199.6 kJ mol-1 (although Koizumi et al44 have corrected this to -1204 kJ mol-1 using the CODATA value28 for ΔHfo(Ge, g)), while Duchowicz and Cobos58 using G3//B3LYP, obtained -1216 kJ mol-1. Most recently, Dixon’s group59 using high level CCSD(T) with added corrections obtained -1191.6 kJ mol-1. 
For ΔHfo(GeCl4), the best experimental value, obtained by Rau,60 is -494.8 ± 2.7 kJ mol-1, and is based on a third law analysis of the equilibrium, GeO2(s) + 2Cl2 ( GeCl4 + O2. Rau60 reviewed earlier experimental work. CODATA28 and NIST29 do not give values, but NBS27 quote -495.8 kJ mol-1, and the Gurvich compilation33, -500 ± 10 kJ mol-1. Using G3//DFT, Wang and Zhang57 calculate a value of -500.4 kJ mol-1, but presumably from the same argument as above, this should be corrected to -505.0 kJ mol-1, while, in another G3//B3LYP calculation, Duchowicz and Cobos58 obtain -525.5 kJ mol-1. A calculation at G4 level by Rayne and Forest,61 gives -509.5 kJ mol-1, while two more recent calculations give -486.259 (high level CCSD(T)) and -488.7 kJ mol-1 62 (DLPNO-CCSD(T)). We select the Rau value60 for ΔHfo(GeCl4) as the most recent. We note that it post-dates the NBS evaluation. 
The first experimental values for ΔHfo(GeBr4) and ΔHfo(GeI4) were obtained from calorimetric measurements of the heats of hydrolysis of GeBr4(l) and GeI4(s) by Evans and Richards63. The original paper quotes enthalpies of 83.3 kcal mol-1 (348.5 kJ mol-1) and 42.0 kcal mol-1 (175.7 kJ mol-1) for formation of the compounds in the gaseous state from the respective halogens in the gaseous state. Since the standard states of Br2 and I2 are respectively liquid and solid, we have corrected these values to obtain the ΔHfo values quoted in Table 1 using the known vaporisation and sublimation enthalpies.36 More recently, Zelenina et al64, using manometric and analytical measurements of the temperature dependences of equilibria between the gas and solid phases involving Ge, Br2, GeBr2 and GeBr4, obtained a value of -306.0 ± 5.8 kJ mol-1 for ΔHfo(GeBr4). NBS27 quote -300 kJ mol-1, and the Gurvich compilation33 -291 ± 6 kJ mol-1. We assume the most recent value of Zelenina et al64 is the most reliable. Until recently the only calculated value (-316.2 kJ mol-1) was that of Rayne and Forest61.at G4 level, but in 2017, Minenkov et al62, obtained -289.0 kJ mol-1, by employing a Feller-Dixon-Peterson scheme which combined a DLPNO-CCSD(T) calculation on selected reactions with a few ΔHfo values for reference compounds. For ΔHfo(GeI4), there are two values65,66 more recent than the original.63 These derive from manometric and analytical measurements of the temperature dependences of equilibria between the gas and solid phases involving, not only Ge, I2 and GeI4, but also GeI2. NBS27 quote -56.9 kJ mol-1, and the Gurvich compilation33 -64.0 ± 5.4 kJ mol-1. We assume the most recent value of Zelenina et al66 (-68.2 kJ mol-1) is the most reliable. We note the recent (DLPNO-CCSD(T)) calculation of Minenkov at al62 gives -61.9 kJ mol-1.

Mention should also be made here of the work of Takhistov and Golovin,67 who have made a heroic effort to systematize enthalpies of formation of the halides of all main group elements, by consideration of enthalpy differences and trends across the periodic table. Naturally this has included germanium tetrahalides. Their data choices are slightly different from ours, but we include their selections and some of their evaluations for comparison.
(b) GeXnY4-n compounds


In our opinion the thermochemistry of these compounds is best considered within the context of the laws of additivity.34-36 The law of bond additivity34-36states that for a bond redistribution (or disproportionation) reaction, called an isodesmic reaction by theoreticians, such as:
2MXnY4-n  (  MXn+1Y3-n + MXn-1Y5-n
overall thermodynamic changes (such as ΔHo) should be zero. Another way of stating this (for ΔHo) is to say that Y- for X- replacement enthalpies in a sequence of MXnY4-n compounds should be constant. We reviewed (in 1998)2 the data for M = Si for the series SiHnMe4-n, SiHnF4-n and SiHnCl4-n and found that the law was obeyed best for SiHnMe4-n and least well for SiHnF4-n. One way of regarding deviations from the law is that they arise from inter-bond interactions. Because these would naturally be larger for the more polar Si-F than Si-C bonds, these deviations are partly explained. Since Si and Ge have similar electronegativities, we should expect similar findings for M = Ge for these series. A slightly different rationalisation (and prediction) of the thermochemistry of these halides was carried out by Takhistov and Golovin.67
(i) Halides

There is no experimental data within these series, but there are several theoretical calculations57,58,61 (see above) for the fluoro-, chloro- and bromo- germanes. In Tables 2, 3 and 4 we show the values for each of these series. Table 5 shows data for the mixed fluorochlorogermanes. In these tables we compare the theoretical results with bond additivity using the selected values of ΔHfo(GeX4) from the previous section to define the end points of each series. We also show a series of estimated values, called adjusted theory, obtained by scaling the differences between the theoretical values of successive members of each GeXnY4-n series by a factor corresponding to the ratio of experimental to theoretical differences between ΔHfo(GeX4) and ΔHfo(GeY4). On the assumption that theory is better at obtaining differences in enthalpies of related compounds than absolute values for ΔHfo, we believe these estimates provide the best available values for these series of compounds. The uncertainties have also been scaled proportionately. Also shown in each of Tables 2-4 are the values estimated by Takhistov and Golovin67 for the hydrohalides, for comparison purposes. Although the differences with our preferred values are not large, some of the deviations from additivity are in the opposite direction. It is worth pointing out that the adjusted theoretical values are virtually independent of which set of theoretical calculations are used. For the fluorides and chlorides, we have based them on the G3//DFT calculations of Wang and Zhang,57 but values differ by only a few tenths of a kJ mol-1 if we use the G3//B3LYP calculations of Duchowicz and Cobos58 or the G4 calculations of Rayne and Forest.61 For the bromides, the only calculations are those of Rayne and Forest.61 For the fluorochlorogermanes, the only calculations are those of Duchowicz and Cobos.58
We may now assess the deviations from additivity within these series. These are shown in Table 6 as disproportionation enthalpies. The values (as expected) are fairly small but show consistent trends, from negative for GeH3X to positive for GeHX3. It is interesting that the same trends are shown for the analogous silicon compounds.3 Although the underlying reasons for this are not known, what it signifies is that in all these series, X-for-H replacement gains slightly less enthalpy (bond energy difference) the more X substituents are present in the germane (or silane) already. For the fluorochlorogermanes, the disproportionation enthalpies (kJ mol-1), not shown in Table 6, are: +63.5 (GeF3Cl), -126.2 (GeF2Cl2), +61.5 (GeFCl3). This variation is apparently much more dramatic than any of the others and rather than real we suspect it may be due to an error in the reported value for ΔHfo(GeF2Cl2).58 If this had been -870.5 instead of -807.5, kJ mol-1, the disproportionation enthalpies would have been: +0.2 (GeF3Cl), +0.4 (GeF2Cl2), -1.9 (GeFCl3), ie much more reasonable. 

Duchowicz and Cobos58 have also calculated enthalpies of formation for hydrofluorochlorogermanes but we do not review these here, since not only are there no experimental data for comparison, but also no easy additivity comparison. Neither do we review the estimated values67 for ΔHfo (GeHnI4-n) for similar reasons.
(ii) Methylgermanes and methyl germanium halides 

Apart from ΔHfo(GeMe4), reviewed above, there are no experimental data for the methylgermanes. However Rayne and Forest61 have calculated G4 theoretical values for all except Me2GeH2. These are shown in Table 7 together with an estimate for ΔHfo(Me2GeH2) made by us by interpolation. Table 7 also contains adjusted theoretical values obtained as described in the previous section. As expected these are fairly close to bond additivity values and disproportionation enthalpies are very small (between 0 and -3 kJ mol-1). It should be noted, however, that the values and uncertainties are all linked to the theoretical value for ΔHfo(GeMe4) (see above). The same applies to the data for the other methyl germanium halides considered below.
For the methylfluorogermanes there are no experimental data but Rayne and Forest61 have published G4 calculations of ΔHfo for Me3GeF, Me2GeF2 and MeGeF3. However because they did not include GeF4 we were unable to perform the same adjustment exercise as for the simple halogermanes (as shown in tables 2-5). For this reason we undertook G4 calculations ourselves.45 The results of these are shown in table 8. Our results are close to, but not identical with, those of Rayne and Forest.61 The differences between the bond additivity and adjusted theoretical values show clearly that the disproportionation enthalpies are substantial. This is discussed below.
For the methylchlorogermanes, the only experimental data are for ΔHfo(Me3GeCl). Baldwin et al68 obtained -266.1 ± 8.8 kJ mol-1 by solution hydrolysis calorimetry, while Davalos, Koizumi and Baer69 obtained -239.8 ± 5.7 kJ mol-1 by TPEPICO measurements. The latter authors argued69 that the earlier value68 was based on an estimated ΔHfo value for the hydrolysis product, (Me3Ge)2O, which might be corrected to agree with their value.69 This argument is considered further below. It should be pointed out that the TPEPICO result is based on energy threshold measurements for Me3Ge+ from both Me4Ge and Me3GeCl and relies on the CCSD(T) theoretically calculated value for ΔHfo(GeMe4).44 However the argument in favour of this value69 for ΔHfo(Me3GeCl) is strengthened by the agreement with the G4 theoretical value of Rayne and Forest.61 These data are all shown in Table 9. We have again adjusted the theoretical values by interpolation to conform with ΔHfo(GeMe4) and ΔHfo(GeCl4). The adjusted value for ΔHfo(Me3GeCl) is in even better agreement with the TPEPICO measurement.69 The disproportionation enthalpies are significantly larger than those of the halo- and mixed halogermanes (see above) having values (/kJ mol-1) of +16.6 (Me3GeCl), +18.4 (Me2GeCl2), +18.8 (MeGeCl3). These are surprisingly similar to one another and reflect a systematic trend in Cl-for-Me replacement. This is illustrated in Fig. 1 which clearly shows the non-linearity of these increments. The difference with halogermanes suggests a specific effect of methyl substitution. A similar trend has been noted previously in theoretical calculations for the methychlorosilanes,70 and is also evident in a more extensive theoretical study, using effective core potentials, of group 14 methyl chlorides by Jonas, Frenking and Reetz.71
For the methylbromogermanes, the only experimental data are for ΔHfo(Me3GeBr). The situation is precisely analogous to that for Me3GeCl. Baldwin et al68 obtained -222.2 ± 8.8 kJ mol-1 by solution hydrolysis calorimetry, while Davalos, Koizumi and Baer69 obtained -196.5 ± 4.3 kJ mol-1 by TPEPICO measurements. The latter authors69 argued that the solution value68 should be adjusted in the same way as for ΔHfo(Me3GeCl) and the theoretical G4 values of Rayne and Forest61 are in support of this. The data are collected in Table 10, although the theoretical value for ΔHfo(MeGeBr3), again missing from the original compilation,61 has been estimated by us by interpolation. Just as for the methylchlorogermanes, the disproportionation enthalpies are quite significant. The values, together with those for the methylfluorogermanes and methylchlorogermanes are collected in Table 11. Also included, for comparison, are the equivalent values for the methylhalosilanes. These values are all significantly larger than those for halogermanes and halosilanes (Table 6). While geometry changes in the halo-germanes and -silanes, seem to be accounted for a combination of systematic orbital hybridisation changes (at Ge or Si) and non-bonded repulsions between halogen atoms,72 something more seems to be required for the methylhalogermanes and methylhalosilanes. There appears to be an effect of stabilisation of the methyl group with the halogen atoms as discussed above for the methylchlorogermanes. For the methyl bromogermanes the Br-for-Me effect is also constant and similar to the Cl-for-Me effect but for the methylfluorogermanes there is a significant increase in the F-for-Me effect with the number of fluorine substituents. This suggests an added complication. Interestingly the same trends are apparent in the methylhalosilanes.3 Further discussion of theoretical findings on MenMX4-n compounds (where M = Group 14 element and X = halogen) can be found in the review by Karni et al.24
(c) Organogermanium compounds


Since there are no new experimental values since 1995 for most of the organic compounds listed in the review by Martinho-Simoes et al,4 we decided to be selective in considering their data. The interested reader can find the full data in Table 1 of their paper.4 The authors point out the controversy surrounding the evaluation of static bomb calorimetry values, arising from uncertainties in the state of the solid combustion product, GeO2, which makes it difficult to judge the reliability of this data. Instead we adopt the approach of trying to assess the internal consistency of some of the values, with comparisons between ΔHfo values of pairs or series of compounds. 
(i) Ge/C/H compounds


We focus first on those for GeEt4, GePr4 and GeBu4 [Ge(C2H5)4, Ge(n-C3H7)4 and Ge(n-C4H9)4, respectively] The data for these compounds, given in ref 4, together with values from some more recent correlation exercises (QSPR) are listed in Table 12. The NIST webbook, gives slightly different values for ΔHfo(GeEt4) and ΔHfo(GePr4), but the reason for the differences from ref 4 is not explained. The QSPR values are surprisingly close to the experimental values given that they attempt to correlate properties (molecular descriptors) of 132 organometallic compounds of 14 different metals (or semi-metals), but cannot be regarded as definitive. We examine the experimental values more closely here. Regularity in this series is to be expected as Martinho-Simoes et al4 have pointed out. The law of group additivity,35 as well as other schemes,4 demonstrate a near constant value for the quantity C_(C)2(H)2 in hydrocarbons, the so-called “methylene increment” of -20.7 kJ mol-1. This should apply to organometallics as well, and to a reasonable approximation it does for organogermanium compounds. Our view is that it should apply strictly to this series, since there are no additional factors (such as strain or steric effects) in these compounds: the substituents are all acyclic and unbranched. Therefore the differences between successive members of the GeR4 series should all be -82.8 kJ mol-1. We have averaged the values for the three germanium tetraalkyls, with the constraint that the differences are fixed at this value. We have also omitted the -226.8 kJ mol-1 value for ΔHfo(GePr4) since we noted this omission gives a significantly improved fit. The results are shown as preferred values in Table 12. It should be noted that these preferred values are within experimental uncertainties of four of the five measured numbers and almost within the fifth. Our estimated uncertainties are based on this. Although ΔHfo values for GePh4 and GeBz4 are available4, we did not include them in our fitting because they are likely to possess internal steric interactions of uncertain magnitude between their bulky substituents. 


Returning to the question of the value of ΔHfo(GeMe4), we now consider the issue of the magnitude of H-for-Me and Me-for-Et increments. These increments cannot be derived from additivity rules, a priori, ie without reliable examples on which to anchor the bond or group contributions. This subject is considered by Martinho-Simoes et al4 and has also been discussed by Benson, Francis and Tsotis37 and ourselves.38 The experimentally derived values of these increments show good correlations with electronegativity for a range of elements from boron to fluorine. These correlations, using either Pauling electronegativity37 or the more recently introduced covalent potential,38 are however non-linear. We do not reproduce the full correlations here, but we note that the replacement of the previous value (-103.8 kJ mol-1) by the preferred value here (-123 kJ mol-1) for ΔHfo(GeMe4) alters these increments for Ge in a way that improves these correlations.37,38 Old and new values for these increments are shown in Table 13.

One other compound, Et3GeH, has a ΔHfo value which we consider here. The static-bomb calorimetric value quoted by Martinho-Simoes et al4 is -125.5 kJ mol-1. If we apply the Et-for-Me increment of -10.4 kJ mol-1 (Table 13) to ΔHfo(Me3GeH) = -66.4 kJ mol-1 from Table 7 we obtain -97.6 kJ mol-1 for ΔHfo(Et3GeH). Despite any uncertainties in our assumptions the experimental value looks to be too far out to be correct.
(ii) Ge/C/H/O compounds


The data under consideration here are shown in Table 14. We consider first the values for ΔHfo(Ge(OMe)4) and ΔHfo(Ge(OEt)4). Martinho-Simoes et al4 list two values for each compound one of which comes from the evaluation by Pedley and Rylance.30 NIST29 lists values close to the latter. The values for each of these compounds should differ, as explained above, by an amount corresponding to four methylene increments, in this case one appropriate to alcohols or ethers, or the C-(C)(O)(H)2 group of group additivity,35 with a total value of -137.2 kJ mol-1 (= 4 × (-34.3 kJ mol-1)). For comparison the analogous difference between ΔHfo(Si(OMe)4) and ΔHfo(Si(OEt)4), calculated theoretically,2 is -138 kJ mol-1. We have averaged the NIST values with the constraint of fixing the difference at this value. This alters the values by 12 kJ mol-1, a relatively small amount, although beyond the apparent experimental error limits.

The enthalpies of formation of the digermylethers, (Me3Ge)2O and (Et3Ge)2O, are considered here because of their importance in relation to the ΔHfo values of five other trimethylgermyl compounds, two of which, viz Me3GeCl and Me3GeBr have already been discussed above. This arises because these five compounds were all subjects of the calorimetric solution hydrolysis study by Baldwin et al68 where the hydrolysis product was (Me3Ge)2O. There being no independent ΔHfo value for this, Baldwin et al68 estimated it from ΔHfo((Et3Ge)2O), using a Me-for-Et increment considered at the time to be applicable to organometallic compounds in general. Because we have revised (see above) the values for ΔHfo(Me3GeCl) and ΔHfo(Me3GeBr), we have reversed our evaluation of the values of ΔHfo for this pair of digermoxanes. For (Me3Ge)2O we have taken the measured hydrolysis enthalpies68 for Me3GeCl and Me3GeBr and used our revised ΔHfo values for these to obtain ΔHfo((Me3Ge)2O). The result (corrected to the gas phase) is shown as the preferred value Table 14. The only other value is a NIST29 estimate, but it is not clear how this was obtained. Following this we have applied the newly derived Et-for-Me increment appropriate to Ge compounds from Table 13, to derive a preferred value for ΔHfo((Et3Ge)2O). Interestingly, our value lies between the two values given by NIST,29 and within the error limits of one of the values given by Martinho-Simoes et al.4 Although ΔHfo((Ph3Ge)2O) is available,4 we do not consider it here since it cannot be related to the other members of this family because of internal steric interactions of uncertain magnitude between its bulky substituents. Me3GeOEt is the third compound for which solution hydrolysis calorimetry was carried out.68 The originally cited ΔHfo value is given in Table 14, together with a NIST29 value and our preferred value obtained using the corrected ΔHfo((Me3Ge)2O). The agreement here is less good, but see below.

Two further compounds, H3GeOH and Me3GeOH are considered here for which no experimental data exist. Only theoretically calculated values of ΔHfo are available. However these compounds are included because they are of key importance in the evaluation of ΔHfo(H2Ge=O) and ΔHfo(HGeOH) (see later). The values are given in Table 15. For H3GeOH there have been three relevant calculations.74,75,45 In the first, Mondal et al,74 using G2/MP2, obtained a value of ΔHo = -13.7 kJ mol-1 for the reaction: GeH4 + H2O → H3GeOH + H2, from which we have calculated ΔHfo (H3GeOH) using ΔHfo (GeH4) from Table 1 and the standard value for ΔHfo (H2O,g)32. In the second, Heaven et al,75 using MP2/6-311++G(d,p), obtained a value of ΔHo = -171 kJ mol-1 for the reaction: GeH2 + H2O → H3GeOH, from which we have calculated ΔHfo (H3GeOH) using ΔHfo (GeH2) from Table 23 (see below) and the standard value for ΔHfo (H2O,g)32. The third value is from our own G4 calculations45 and is in reasonable agreement. For Me3GeOH we are not aware of any other calculations but our own.45 Error estimates here are based on differences between G461 and our own preferred ΔHfo values for some 25 mono-Ge containing compounds, which range between +1.7 and -14.7 kJ mol-1. We may assess these results as follows. The Me-for-H increment is -58.3 kJ mol-1 which is in reasonable agreement with the value (-53.5 kJ mol-1) from Table 13. It should be noted that the Me-for-H (but not the Et-for-Me) increment can depend to a small extent on the nature of the substituent at the Ge atom. Another check is the comparison between Me3GeOH and Me3GeOEt (Table 14). The difference in ΔHfo values is apparently less than 1 kJ mol-1, but it should be ca -15 kJ mol-1 based on group additivity.34-36 A reduction in ΔHfo(Me3GeOEt) by this amount would improve the agreement with the experiment (see above).
(iii) Ge/C/H/N compounds


Me3GeNMe2 and Me3GeSBun are the remaining compounds for which solution hydrolysis calorimetry has been carried out.68 The ΔHfo values are given in Table 16. Inevitably we have revised these because of the correction we have applied to ΔHfo((Me3Ge)2O) shown in Table 14 and discussed in the previous section. The only other data available is a combustion value for Et3GeNEt2.4 A consistency check can be made between the values for ΔHfo(Me3GeNMe2) and ΔHfo(Et3GeNEt2). These are related though Me-for-Et increments, in this case corresponding the additivity groups, C-(C)(Ge)(H)2 and C-(C)(N)(H)2. These are both available and total value for the difference (kJ mol-1) is given by 3 × (-10.4)73 + 2× (-27.6)34-36 = -86.4. We have applied this correction to our preferred value for ΔHfo(Me3GeNMe2) to derive the value of ΔHfo(Et3GeNEt2). The agreement with experiment is poor, but even without our adjustments the difference between the original experimental values for these two germylamines is far outside reasonable expectation. We suspect the error is most likely to lie in the value for ΔHfo(Et3GeNEt2). To assist further with the assessment of these values we have calculated at G4 level45 values for ΔHfo(Me3GeNH2) and ΔHfo(H3GeNH2) also shown in Table 16. The Me-for-H increment for these two values is -55.7 kJ mol-1 which is again in reasonable agreement with the value (-53.5 kJ mol-1) from Table 13. When ΔHfo(Me3GeNH2) is compared with ΔHfo(Me3GeNMe2) the Me-for-H increment is for these two values is +10 kJ mol-1 which is not too far for the value of +7.4 kJ mol-1 expected for amines.37,38 which provides some reassurance that the adjusted value for ΔHfo(Me3GeNMe2) is reasonably reliable.
(d) Di- and Tri-germanium and related compounds


The only hydrides for which thermochemical information exists are Ge2H6 and Ge3H8. ΔHfo values are shown in Table 17 together with those for Ge2Me6, Ge2Et6 and related mixed Group 14 compounds, H3GeSiH3, Me3GeSiMe3, Me3GeSnMe3. The experimental values for ΔHfo(Ge2H6) and ΔHfo(Ge3H8) were obtained calorimetrically by measurement of their heats of decomposition triggered by explosion in excess stibine by Gunn and Green42,43 in just the same way as for ΔHfo(GeH4). A theoretical calculation at the B3LYP//MP2/6-311++G(2df,2p) level with several higher level corrections, by Ricca and Bauschlicher,76 for ΔHfo(Ge2H6), gave a value some 38 kJ mol-1 lower than experiment, and led the authors76 to suggest that the experimental value, as well as that for ΔHfo(GeH4), might be wrong. Given that some, more recent, theoretical values (section 2(a)) for ΔHfo(GeH4) are closer to the experimental value, we are not convinced that the experimental ΔHfo values for any of the germanium hydrides, old as they are, should be discarded. Rayne and Forrest61 have carried out G4 calculations for ΔHfo(Ge2H6) and ΔHfo(Ge3H8) which give values ca 20 kJ mol-1 and 30 kJ mol-1 respectively, lower than experiment. We have repeated the G4 calculation45 for ΔHfo(Ge2H6) with an almost identical result. This is discussed further below. A semi-theoretical scheme, using values from CBS-QB3, G2 and B3LYP, adjusted to fit a test set of ΔHfo values for 22 compounds by Weng et al,77 has been used to predict ΔHfo values for higher, mixed hydrides of silicon and germanium. It gives a value for ΔHfo(Ge3H8) ca 4 kJ mol-1 higher than experiment.

Several values exist for ΔHfo(H3GeSiH3), but the most recent was obtained from modelling the pressure dependence of the kinetics of the association reaction: GeH2 + SiH4 → H3GeSiH3, a study undertaken by ourselves in collaboration with the Russian group of Boganov et al11. The value obtained of 120 ± 3 kJ mol-1 is in reasonable agreement with earlier values, apart from one based on mass spectrometric appearance potentials,78 which are reviewed in the paper.11 The original values for ΔHfo(Ge2Me6), ΔHfo(Me3GeSiMe3) and ΔHfo(Me3GeSnMe3) were all obtained by appearance potential measurements by Lappert et al.51. The evaluations all depended on the ΔHfo values of some reference compounds which are now known to be in error. Unfortunately the complexity of interlinkage of values means that we are not able to make any simple corrections. The only way to assess these numbers is via Me-for-H and Et-for-Me replacement increments73 as follows:
ΔHfo(Ge2Me6) = ΔHfo(Ge2H6) + 6 × (-53.5)73 = -158.7 kJ mol-1
ΔHfo(Ge2Et6) = ΔHfo(Ge2Me6) + 6 × (-10.4)73 = -221.1 kJ mol-1
ΔHfo(Me3GeSiMe3) = ΔHfo(H3GeSiH3) + 3 × (-53.5)73 + 3 × (-66.9)38 = -241.2 kJ mol-1
These derived values are very different from those of Lappert et al.51, however very recently Davalos et al.79 have obtain a value for ΔHfo(Ge2Me6) of -153.1 ± 6.3 kJ mol-1 using the TPEPICO method which is in much better agreement with the increment derived estimate above, and is our preferred value. Because of these discrepancies we have calculated (G4 level)45 a value for ΔHfo(Me2GeHGeH2Me) in order to assess the Me-for-H replacement increment for digermanes. When compared with the G4 value for ΔHfo(Ge2H6)45, the Me-for-H increment value of -48 kJ mol-1 is slightly less negative than that for monogermanes73, but if extended to Ge2Me6 would lead to a value for ΔHfo(Ge2Me6) of -145 kJ mol-1 only 8 kJ mol-1 higher than the TPEPICO value79 but in even greater disagreement with the appearance potential measurements51, further supporting the idea that reassessment of the interpretation of the latter is needed. The G4 value for ΔHfo(Me2GeHGeH2Me) is close to an estimate based on the average of the experimental values for ΔHfo(Ge2H6) and ΔHfo(Ge2Me6). 

We assign uncertainties of ± 10 kJ mol-1 to the increment derived values for ΔHfo(Ge2Et6), and ΔHfo(Me3GeSiMe3) but offer no preferred value for ΔHfo(Me3GeSnMe3) since we have no means of checking it. Although ΔHfo(Ge2Ph6) is available,4 we did not include it here since it cannot be related to the other members of this family because of internal steric interactions of uncertain magnitude between its bulky substituents.
3. FREE RADICALS AND BOND DISSOCIATION ENTHALPIES


Enthalpies of formation of free radicals and bond dissociation enthalpies are related, through the equation: DHo(R‒H) = ΔHfo(R) + ΔHfo(H) ‒ ΔHfo(RH). If the value of ΔHfo(RH) is known (and since ΔHfo(H) is known), then the determination of DHo(R‒H) will give ΔHfo(R) and vice versa. Because the majority of bond dissociation enthalpies were determined prior to those of ΔHfo(R), we deal with them first.
The existing experimental data come mainly from gas kinetic80-84 and photoacoustic (PAC) measurements85: there is one value from photoionization mass spectrometry (PIMS).86 These are shown in Table 18. The only theoretical data is for DHo (H3Ge‒H), for which the several values are also shown in the Table 18. The errors quoted in the gas kinetic determinations are not based solely on experimental uncertainties but also derive from an assumption. The measured activation energy, Ef for the reaction I + RH  ⇌  R + HI is related to the desired bond enthalpy DHo(R‒H) via the equation: DHo(R‒H) = DHo(H‒I) + Ef – Er. While the value of DHo(H‒I) is well known, that of Er for GeH3 + HI is uncertain but was taken to have the value of +5 kJ mol-1, the same as that assumed, at the time, appropriate for Si- and C-centred radicals.82,83 For these latter radicals, however, more recent measurements have shown this assumption to be in error and values for Er have been found, in some cases, to be negative.2 No measurement for Er for Ge-centred radicals has yet been made and so we retain the original value. Because the endothermicity (Ef – Er), of I-atom abstraction from Ge‒H bonds is less than that for Si‒H bonds it is possible that Er might have a more positive magnitude. The uncertainties of ± 10 kJ mol-1 80-84 are thought to cover this. In good agreement with the kinetics value of 346 ± 10 kJ mol-1 82,83 for DHo(H3Ge‒H) is the PIMS value of 343 ± 8 kJ mol-1 86, although it should be pointed out that the authors derive this from a measured upper limit (for Do(0 K)) of 357.7 kJ mol-1 which corresponds to 363.7 kJ mol-1 for DHo(H3Ge‒H). Older experimental values, prior to 1983, are reviewed and discussed by Noble and Walsh.83 Recent theoretical values57,58,76,87 lie in the range 345-370 kJ mol-1, partially overlapping the uncertainty in experimental values. Theoretical studies prior to 2001 are reviewed and discussed by Morgon and Riveros.87 They themselves used QCISD(T)/(GCM+/ECP) to obtain a value of 345.2 kJ mol-1. The 1994 review88 of Berkowitz, Ellison and Gutman (which covered the techniques of radical kinetics, gas-phase acidity cycles, and photoionization mass spectrometry), recommended 349 ± 8 kJ mol-1 as the best value (at 298K).
The uncertainties in the PAC measurements are purely experimental, although, in their review, Martinho-Simoes et al,4 adjusted the original values upward by 4.2 kJ mol-1 based on the use of different auxiliary data. It should also be pointed out that PAC is carried out in solution. However the PAC and gas kinetics measurements for DHo(Me3Ge‒H) are in good agreement. From the data in Table 18, starting from germane itself, there appears to be very little change on Ge-H bond strength upon methyl substitution, and only a very slight weakening on phenyl substitution. This is very similar to the situation for silanes.1-3

Values for ΔHfo(R), shown and selected in Table 19, may be derived from the ΔHfo(RH) values recommended in Table 7 combined with the DHo(R-H) values from Table 18. In this process it has been assumed that the observed values for DHo(R-H) of 346 kJ mol-1 for GeH482,83 (kinetics measurements) and Me3GeH85 (PAC determination) are the same for MeGeH3 and Me2GeH2. For ΔHfo(Me3Ge) we have selected the value of 62 ± 10 rather than 70.8 ± 8.9 kJ mol-1obtain more recently by Davalos et al79 (TPEPICO measurement) in order to be consistent with the BDE value discussed above. Adoption of the Davalos value would imply BDEs involving Me3Ge should be 9 kJ mol-1 higher. However this would still be within the assumed error limits which are based on the uncertainties arising from the experimental measurements of DHo(R-H). We are now in a position to derive the basic and important bond dissociation energies for Ge-C, Ge-Ge and Ge-Si bonds. These are shown in Table 20. These are obtained from ΔHfo(R) in Table 19, the molecular ΔHfo values from Tables 7 and 17 and ΔHfo for ancillary radicals (Me, SiH3, SiMe3) values from Table 30. Although uncertainties are rather high, where comparisons are possible, agreement is quite good. For DHo(Me3Ge-CH3), Smith and Patrick89 obtained a value of 339±13 kJ mol-1, directly, using very low pressure pyrolysis (VLPP) while McMillen and Golden quote a value of 347±17 kJ mol-1 in their BDE review.90 Even the rather old data (based on kinetics and appearance potential measurements) of Jackson91 gives 318 kJ mol-1 for DHo(Me3Ge-CH3) and also 305 kJ mol-1 for DHo(Me3Ge-GeMe3), close to the figures of Table 20. The data in Tables 19 and 20 show that, within the uncertainties, there is very little, if any, variation of Ge-H, Ge-C and Ge-Ge bond strength with methyl substitution. The equivalent data for Si-H, Si-C and Si-Si bonds, where uncertainties are less, suggest small strengthening effects with methyl substitution.2 Although not shown in Table 19, we can derive the value of 33 ± 4 kJ mol-1 for ΔHfo(Et3Ge) in the same way as for those shown which allows us to calculate DHo(Et3Ge-C2H5) = 319 ± 5 kJ mol-1 and DHo(Et3Ge-GeEt3) = 287 ± 13 kJ mol-1. As found in Table 20, the Ge-ethyl bond is expected to be weaker than that of Ge-methyl, whereas the Ge-Ge bond is relatively unaffected by Et-for-Me substitution. Of course part of the consistency found here has been obtained as a result of our revisions of the ΔHfo values of methyl- and ethyl-germanes and digermanes shown in Tables 7, 12 and 17, and discussed earlier. Without these revisions, some of these derived bond dissociation energies would appear wildly inconsistent. 

Values for bond dissociation energies of Ge-Hal bonds may mostly be derived from the ΔHfo(R) values of Table 19 combined with the molecular ΔHfo values from Tables 2-4 and 8-10 and ΔHfo values from table 30 for ancillary radicals (F, Cl and Br). In order to include values for Ge-I bonds, we have made some plausible estimates. ΔHfo(GeH3I) = +51.1 ± 2.5 kJ mol-1 and ΔHfo(Me3GeI) = -130.3 ± 7.0 kJ mol-1 were obtained by interpolation from values in Table 1 (with allowance for deviations from additivity). ΔHfo(GeX3) were more problematical, since there are no experimental values. We have derived these starting from values for ΔHfo(GeX3H) (Tables 2-4) for X = F, Cl, Br and ΔHfo(GeI3H) = -28.5 ± 3.5 kJ mol-1 obtained by interpolation from values in Table 1. Then a series of DHo(X3Ge-H) values of 389, 356, 342 and 328 kJ mol-1 for X = F, Cl, Br and I respectively, based on the more reliably known substituent effects in the analogous X3Si-H bonds. These give values of ΔHfo(GeX3) of -711, -214, -84.5 and +81.6 kJ mol-1 for X = F, Cl, Br and I respectively. For X = F and Cl, there are theoretical values57,58,92,93 for comparison. For ΔHfo(GeF3) they span the range from -754 to -682 kJ mol-1 which encompasses our estimate and for ΔHfo(GeCl3), from -256 to -234 kJ mol-1.are somewhat lower than our estimate. Our estimated values for ΔHfo(GeX3) used to obtain the DHo(X3Ge-X) values shown in Table 21. The quoted uncertainties are rather subjective, given the assumptions required for their derivation. 

Derived DHo(H3Ge-X) values may be compared with those obtained from G3 theory57,58 and also the evaluations of Takhistov and coworkers.67,92 Agreement is reasonable although the values of Duchowicz and Cobos58 appear a little high. DHo(Me3Ge-X) values are some 30 kJ mol-1 higher than DHo(H3Ge-X), thus showing that the Me group has a definite bond strengthening effect here (despite the uncertainties), just as for Si-X bonds.2,3 There are no other values with which to compare our derived DHo(Me3Ge-X). By contrast the derived values for DHo(X3Ge-X) can be compared with those obtained from theoretical57,58,93 and estimated92 values for ΔHfo(GeX3). These are also shown in Table 21. As explained above, experimental values for ΔHfo(GeX3) are lacking and experimentally derived values for DHo(X3Ge-X) cannot be obtained. The picture of the relative strengths of X3Ge-X compared with the other Ge-X bonds is not very clear because of the uncertainties. It looks as though DHo(F3Ge-F) is likely greater than DHo(H3Ge-F) whereas the Ge-Cl and Ge-Br bond strengths are comparable. For the Ge-I bonds the uncertainties are simply too great to make a statement. If correct, this picture again mirrors the situation for the analogous Si-X bonds2,3. One further check may be made. From the G3 theoretical studies57,58 and the Ponomarev et al evaluation,92 DHo(X3Ge-H) may be calculated. These give values (kJ mol-1) for the DHo(F3Ge-H) of 370,57 37058 and 38092 and for DHo(Cl3Ge-H) of 34157, 34158 and 33192. Comparison with DHo(H3Ge-H) from Table 18, shows F-for-H replacement is clearly bond strengthening and Cl-for-H replacement makes very little difference. These findings are again in accord with those for the analogous Si-H bonds.2,3 These comparisons show a surprising consistency despite the wide variation in theoretical values for ΔHfo(GeF3) and ΔHfo(GeCl3), detailed above.

Values for bond dissociation energies of Ge-O, Ge-N and Ge-S bonds may also be derived from the ΔHfo(R) values of Table 19 combined with the molecular ΔHfo values from Tables 14-16 and ΔHfo values from Table 30 for ancillary radicals (OH, OEt, NMe2 and SBun). These are shown in Table 22. Values for DHo(Me3Ge-OH) and DHo(Me3Ge-NH2) are higher than those of DHo(H3Ge-OH) and DHo(H3Ge-NH2) showing that the Me group once again exerts a bond strengthening effect although not as great as for the Ge-halogen bonds. The values for O-H, O-Et and N-H bond dissociation energies in some of these compounds were obtained by use of the G4 calculated45 radical heats of formation, ΔHfo(H3GeO) = +102 kJ mol-1, ΔHfo(Me3GeO) = -76 kJ mol-1, ΔHfo(H3GeNH) = +282 kJ mol-1, ΔHfo(Me3GeNH) = +112 kJ mol-1 These were assigned uncertainties of ± 10 kJ mol-1 based on differences between G445 and our own preferred values for some 8 mono-Ge containing compounds, which range between +1.0 and -26 kJ mol-1. When combined with ΔHfo values for H and Et (from Table 30) these gave the values shown in Table 22. The adjacent germyl group makes all these bonds significantly stronger than in their carbon counterparts,88,90 although the magnitudes are hardly affected by whether it is H3Ge- or Me3Ge-. The availability of ΔHfo(Me3GeO) allows us to calculate DHo(Me3Ge-OGeMe3) and DHo(Me3Ge-O). It is interesting to note how much stronger the first Ge-O bond is than the second in (Me3Ge)2O. The Ge-O bonds appear to follow quite closely the same proportionate relationship as the O-H dissociation energies in H2O. This idea was assumed previously for the silicon analogue,1-3 although the values had not been either measured or calculated. 


Calculated values (QCISD(T)/(GCM+/ECP) level)87 of DHo(MeOGeH2-H) = 341 kJ mol-1 and DHo((MeO)2GeH-H) = 346 kJ mol-1 compared with DHo(H3Ge-H) = 345 kJ mol-1 indicate that MeO-for-H substitution, rather like Cl-for-H substitution (see above), has little if any effect on Ge-H bond strengths.
4 OTHER GERMANIUM CONTAINING SPECIES

There is great interest in germanium-containing transient species. This is because they are invariably involved in the thermal and photochemical breakdown mechanisms of more stable germanium and organogermanium compounds. Apart from the GeX3 free radical species dealt with in the previous section, these include the germylenes, GeX2, and the π-bonded analogues of organic and carbonyl compounds containing Ge=C, Ge=Ge and Ge=O double bonds. 
(a) Germylenes


There is insufficient information to warrant separate sections for each different germylene. Therefore they are all considered together. The experimental and recent theoretical ΔHf○ values are shown in Table 23 for GeX2 species and Table 24 for GeHX molecules. It should be made clear that all germylene species are considered to be in their singlet ground states, 1A1 for GeX2, 1A´ for GeHX. The excited (triplet) states are generally too high in energy to be taken into consideration.

Starting with ΔHf○(GeH2), the existing experimental data come from gas kinetic studies8,11 and from photoionization mass spectrometry (PIMS).86 By modelling the pressure dependences of the reaction rate constants for GeH2 + GeH4 → Ge2H68 and GeH2 + SiH4 → GeH3SiH311 using RRKM theory, ΔH○ values for these reactions were obtained. ΔHf○(GeH2) was obtained by combining these with the known values of ΔHf○ for the saturated molecules. Although the values from the two modelling exercises (237 and 233 kJ mol-1) are quite close to one another there is enough uncertainty in the procedure to leave the error margins at ±12 kJ mol-1. The PIMS value (245 kJ mol-1)86, which is a lower limit, when corrected to 298 K, is within these margins although the actual value, estimated by the authors, is 10 kJ mol-1 higher. Earlier experimental data (pre-1990) are discussed in references 8 and 85. The theoretical values listed span the range 238-252 kJ mol-1, in reasonable agreement with experiment. The levels used for these calculations were G2,8,11 B3LYP//MP2/6-311++G(2df,2p) with higher level corrections,76 G3//DFT57 and G3//B3LYP58. Earlier theoretical calculations (pre-1999) are discussed in references 8 and 85. A 2002 calculation (B3LYP) by Li et al.94 obtained successive Ge-H dissociation energies for GeHn (n=1-4) species but did not explicitly list any ΔHf○(GeHn) values.

There are no experimental data for ΔHf○(GeMe2), and only one theoretical calculation (G2 level)14 which gives ΔH○ = -151 kJ mol-1 for the reaction GeH2 + C2H4 → GeMe2. Using ΔHf○(GeH2) = 237 ± 12 kJ mol-1 from Table 23 and ΔHf○(C2H4) = 52.45 ± 0.13 kJ mol-1 95, gives ΔHf○(GeMe2) = 138 ± 12 kJ mol-1. From this value the H-for-Me replacement enthalpy is +49.5 kJ mol-1, close to that for saturated Ge compounds (Table 11). Experimental data exist for ΔHf○(GeX2) where X are halogens. For X = F, Cl and Br the ΔHf○ values come from the work of Margrave et al.96-98 More recently, ΔHf○(GeBr2) and ΔHf○(GeI2) have been obtained by Zelenina et al.64,66 GeX2 compounds are unusual among germylenes as they can exist as solid compounds. Calorimetric study96 of the combustion of crystalline GeF2 in fluorine combined with the enthalpy of sublimation measurements97 yielded ΔHf○(GeF2) = -573 ± 9 kJ mol-1. ΔHf○(GeCl2) and ΔHf○(GeBr2) were obtained by study of the equilibria, Ge(s) + GeX4 ⇌ 2GeX2 (X = Cl, Br) by means of a high temperature Knudsen cell.98 Table 23 shows both the original values and also new values revised by us using the preferred values for ΔHf○(GeCl4) and ΔHf○(GeBr4) from Table 1. The new values for ΔHf○(GeBr2) and ΔHf○(GeI2) were obtained by a combination of vapour pressure and calorimetric measurements.64,66 Disappointingly, Zelenina et al.64, offer no comment as to why their value for ΔHf○(GeBr2) differs from that of Margrave’s group98 by more than 17 kJ mol-1. Despite this we select their value64 as the best currently available. Theoretical ΔHf○ values exist for all GeX2 species but we only have only included recent calculations at G357,58, CCSD(T)59,93 and DLPNO-CCSD(T)62 levels. The agreement of ΔHf○ values with experiment for GeCl2, GeBr2 and GeI2 is reasonable, but for GeF2 it is not. In view of the general agreement with experiment of the calculated results of these groups57-59,62,93 for ΔHf○(GeX4) compounds (see Table 1), we suspect the experimental value for ΔHf○(GeF2) may be in error. Agreement with the evaluated data of the Gurvich compilation33 is variable. The NBS tables27 only list ΔHf○ for GeBr2 and GeI2 with good agreement for the latter but not the former. The systematised values of Ponomarev et al.99 are generally in poor agreement.

Only selected GeHX species are reviewed here. This is because there are no recent experimental values and the data all come from theoretical calculations. The selection was made for those species which are isomeric with the π-bonded species (see next section), in order to compare their relative enthalpies. These are MeGeH, H3GeGeH, H3SiGeH and HOGeH. The data are set out in Table 24. It should be noted that in some of these calculations we have ignored the difference between energies and enthalpies. In general the uncertainties in values cover such small differences.

For ΔHfo(MeGeH) Becerra et al.14 estimated a value of 199 ± 20 kJ mol-1 based on a theoretical calculation (B3LYP/6-31G(d)) of ΔHfo(EtGeH) and an Me-for-Et substitution increment of = 16 kJ mol-1. If we replace this with the new value of 10 kJ mol-1 (from Table 13), assuming the same increment for germylenes as for germanes, we obtain the value of 193 ± 13 kJ mol-1 for ΔHfo(MeGeH). We believe the previous uncertainty was overly pessimistic. We note that the selected ΔHfo values for GeH2, MeGeH and GeMe2 form a reasonably consistent sequence, viz the Me-for-H replacement increments are almost equal, and also very close to those for the saturated methylgermanes (Table 7). We also note that MeGeH is ca 50 kJ mol-1 more stable than H2Ge=CH2 (see next section), in contrast to their silicon analogues.3
The values for ΔHf○(H3GeGeH) and ΔHf○(H3SiGeH) were obtained indirectly via enthalpy differences with ΔHf○(H2Ge=GeH2) and ΔHf○(H2Si=GeH2) respectively, since absolute values are not available. The starting point for consideration of these species is the 1991 article by Grev100 which discusses the structures, bonding and relative energetics of the Group 14 species of general formula X2H4 and H2XYH2. This article provides the comprehensive basis for understanding relative stabilities of these species in terms of divalent state stabilisation energies (DSSE) and π-bond energies (see below). Although theoretical methods have advanced significantly since 1991100, the general picture is largely unchanged. Since Grev100 does not give absolute values for ΔHf○ we have combined his isomeric differences with values for the π-bonded species from Table 26 to obtain values given in Table 24. Grev’s numbers100 are based on a review of the best available theoretically calculated values at the time. Since then there have been several published calculations of the isomeric energy differences for these species. 
For H3GeGeH, Li et al94 found values ranging between +10.5 and -11.7 kJ mol-1 for its enthalpy difference from H2Ge=GeH2 using five different density functional methods. More recently Carrier et al101 obtained a value of +14 kJ mol-1 at the CCSD(T)/aug-cc-pVTZ//B3LYP/6-311G(d,p) level. The value of 322 kJ mol-1 for ΔHf○(H3GeGeH) has been obtained in the same way as described above for Grev’s data100. This is our preferred value. Tomosada et al102 using the same theoretical method as Carrier et al101, obtained a value of -15 kJ mol-1 for the difference between ΔHf○(H3SiGeH) and ΔHf○(H2Si=GeH2). Using the value from Table 26 for the latter gives the value listed in Table 24 for the former. Again this is our preferred value. 

For ΔHf○(HGeOH) there have been five relevant calculations since 1991.75,103-106. Where more than one form of HGeOH (usually cis and trans) has been found we have taken the most stable. Most publications have been concerned with the relative energies of species on the H2GeO potential surface, especially the difference between those of HGeOH and H2Ge=O. However for ΔHf○(HGeOH) we have only considered calculations which can be related to different, less controversial, ancillary data (ΔHf○ values for H3GeOH, GeO, GeH2, H2O and Ge(3P1)). The results are shown in Table 24. We discuss only three of these. In the first Kapp et al.104 using B3LYP obtained a value of ΔHo = 64.0 kJ mol-1 for the reaction: H3GeOH → HGeOH + H2, from which we have calculated ΔHfo (HOGeH) using ΔHfo (H3GeOH) from Table 15. In the second Heaven et al.75 using MP2/6-311++G(d,p) obtained a value of ΔHo = -69.9 kJ mol-1 for the reaction: GeH2 + H2O → HGeOH +H2, from which we have calculated ΔHfo (HGeOH) using ΔHfo (GeH2) from Table 23 (see below) and the standard value for ΔHfo (H2O,g)32. In the third Teng et al.106 using B3LYP obtained a value of ΔHo = -192.0 kJ mol-1 for the reaction: Ge(3P) + H2O → HGeOH from which we have calculated ΔHfo (HGeOH) using ΔHfo (Ge(3P1)) from Table 30 (see below) and the standard value for ΔHfo (H2O,g)32. The spread of values is very wide and we do not consider two of the older calculations103,105 which appear significantly at odds with the values discussed above. We have based our preferred value (-68 ± 15 kJ mol-1) on the average of the two most recent calculations75,106, but allowing for possible wider uncertainty. This updates a recent value of -71 ± 20 kJ mol-1 evaluated by Becerra et al23 during an experimental and theoretical study of the reaction of GeH2 + SO2. It is also in reasonable agreement with our own unpublished G4 calculations.45

The divalent state stabilisation energy, DSSE, for a germylene, GeR2, is an important index of reactivity1-3,100 and is defined as follows:

DSSE(GeR2) = DHo(R3Ge-R) – DHo(R2Ge-R)

We have used the equivalent statement1-3:

DSSE(GeR2) = 2ΔHfo (GeR3) – (ΔHfo (GeR4) + ΔHfo (GeR2) 
together with the data from this review, in order to work these out for the germylenes reviewed here. The calculated values are shown in Table 25, where they are compared with those for the equivalent silylenes. For the halogermylenes, DSSE values seem to be somewhat higher than those of halosilylenes but follow the same trends, although the uncertainties are fairly large. It is clearly evident that DSSE values for both sets of divalent state species increase with the electronegativity of the substituent. For GeH2 and the methylgermylenes the uncertainties mask any effects of methyl-substitution and are too great to reveal any significant differences with the values for their silicon analogues, which appear to increase with methyl-substitution. 
(b) π-bonded species


There is no experimental information on the thermochemistry of these species since the group of Masamune107 investigated a highly substituted digermene in 1990. However this is not representative of small prototype species we are reviewing here which are of sufficient importance that even estimates (and older values) of ΔHf○ need to be considered. We limit the coverage to H2Ge=X (X = CH2, GeH2, SiH2, O), all of which have germylene isomers (see above). Only theoretical calculations are available and the only ones which can provide the desired ΔHf○ values are those which can relate them to known ΔHf○ values for other compounds. Such a set, already reviewed in this article, are the H3GeXH3 molecules which are the hydrogenation products of these π-bonded species. The enthalpy of hydrogenation, ΔHhyd, is in turn related to the π-bond enthalpy, DHπ, an important index of reactivity, via 

ΔHhyd = DHπ(Ge=X) + DHσ(H-H) - DHσ(Ge-H) - DHσ(X-H)

Theoretical calculations of DHπ(Ge=X) for three of these molecules have been carried out by Chen et al.108 at the QCISD(T)/6-311++G(3df, 2dp) level of theory with isogyric corrections. The results are shown in Table 26 which lists our calculated results for ΔHhyd employing the above equation incorporating values for the other required quantities also given by Chen et al.108. Table 26 also lists ΔHf○ for H2Ge=X obtained by combining the ΔHhyd values with those of ΔHf○(MeGeH3) from Table 7 and ΔHf○(Ge2H6) and ΔHf○(H3GeSiH3) from Table 17. It should be noted that we have ignored the difference between energies and enthalpies in these derivations. We estimate that uncertainties in the resulting ΔHf○ values are ca ±10 kJ mol-1 based on the application of this method to two further molecules, listed by Chen et al.108, which yielded values of 269.4 and 174.8 kJ mol-1 for ΔHf○(H2Si=SiH2) and ΔHf○(H2Si=CH2) respectively, which compare favourably with previously reviewed values3 of 275±4 and 187±6 kJ mol-1 respectively. These ΔHf○ values should naturally be taken to refer to the ground states of these molecules which in the cases of H2Ge=GeH2 and H2Ge=SiH2 have trans-bent 1A´ structures. The planar structures of these molecules have higher enthalpies and represent transition states. The DHπ values obtained by Chen et al.108 claim to be in good agreement with earlier calculations of Avakyan et al.109 but the cited values at MP4/6-311G(d)//MP2/6-31G(d) level do not come from this latter paper but rather from an earlier one of Windus and Gordon110. These are included in Table 26 for comparison. Avakyan et al.109 do however give a theoretical value of 167 kJ mol-1 for the rotational barrier in H2Ge=CH2 which, if equated with DHπ, is significantly higher than the value calculated by Chen et al.108. Also significantly higher is an old experimental value of 180 kJ mol-1 (for Me2Ge=CH2) obtained by Pulsed Ion Cyclotron Double Resonance111 which would not be expected to be very much higher than that for H2Ge=CH2 itself, based on the Si analogues2. Doubt about the reliability of this value is increased by the fact that it is unexpectedly higher than the value (160 kJ mol-1) obtained for DHπ(Me2Si=CH2) using the same method. Windus and Gordon110 list earlier theoretical values for DHπ(H2Ge=CH2) in reasonable agreement with theirs. The other experimental DHπ value (93 kJ mol-1) is that for a highly substituted and bulky digermene sufficiently stable to exist in two geometrical isomeric forms, whose internal rotation activation barrier was directly measured107 This value would be expected to be slightly lower than that of DHπ(H2Ge=GeH2) because of the substituents and so gives some support for the value (106 kJ mol-1) obtained by Chen et al.108.

For H2Ge=O, five of the theoretical calculations of its reaction energetics are in common with those for HOGeH. We have used the same principle of relating the results of the calculations to ancillary data evaluated here. We have put the resulting values for ΔHf○(H2Ge=O) into Table 24 for convenience of presentation. Just as for ΔHf○(HOGeH) the spread of values is very wide and so we have not considered older values103-105 in this evaluation. We have chosen as our preferred value the recent figure of 45 ± 15 kJ mol-1 evaluated by Becerra et al23 during an experimental and theoretical study of the reaction of GeH2 + SO2. This lies between the value (61 kJ mol-1) of Teng et al.106 and our own G4 value (35 kJ mol-1)45. The uncertainty is still large but has been marginally reduced. The preferred values in Table 24 give us ΔH○ = -113 (± 21) kJ mol-1 for H2Ge=O → HGeOH. We cannot be confident of the uncertainty here but we note from another direct calculation of this energy difference112 that the value found is extremely sensitive to the level of calculation and at the highest level (QCISD(T)/TZP++(2df,2pd)), the value is -90.8 kJ mol-1.

π-bond enthalpies, DHπ(Ge=X), defined above, may now be derived from the ΔHf○(H2Ge=X) values preferred here. There are shown in Table 27 together with their DHπ(Si=X) counterparts. Not surprisingly values for the Ge species are less than those for Si species. The values simply reflect the fact that as the valence shell gets larger, p-orbital overlap decreases, although there are still uncertainties in these numbers. The biggest difference seems to be that between DHπ values for germanone and silanone, but as remarked before3, the π overlap is enhanced by a substantial polar contribution.

Of additional interest, the gaseous compounds GeO and GeO2 are also included here in order to make a comparison of the strengths of the Ge=O bonds. The available ΔHf○ data are shown in Table 28. Experimental values for both species are quite old33,113-115 and there have been no recent measurements. However there are recent theoretical calculations45,62. In particular, as mentioned in section 2. (a), Minenkov et al62 have carried out a DLPNO-CCSD(T) calculation on selected reactions which employed several ΔHfo values for reference compounds. We have carried out G4 calculations45. For GeO, the spread of ΔHf○ values including those of previous evaluations,23,27,33 is fairly narrow. We select the 1984 experimental value113 of -41.4 ± 2.8 kJ mol-1 as the current best value. For ΔHf○ (GeO2) the situation is worse. A value of -104±20 kJ mol-1 is given in Gurvich’s review33. This is based on the high temperature vaporization enthalpy of the tetragonal crystalline form where GeO2 (g), detected by mass spectrometry, was a very minor constituent. A more recent report115 using a similar method obtained the value for the atomisation enthalpy (at 0 K) of 969 ± 8 kJ mol-1. We have corrected this to 298 K and combined it with ΔHf○ (Ge) and ΔHf○ (O) from Table 30 to obtain ΔHf○ (GeO2) = -106 ± 10 kJ mol-1. [A similar correction to D0(GeO, 0 K) = 653 ± 8 kJ mol-1 gives ΔHf○ (GeO) = -35 ± 10 kJ mol-1] Our previous assessment of ΔHf○ (GeO2)23 did not include these estimates. The value of -46.2 kJ mol-1 116 was purely speculative. Thus our chosen value here, -80 ± 15 kJ mol-1, is based on an average of the recent theoretical values45,62 with a fairly large uncertainty. The reference above to the most recent experimental value115, came from CAPLUS and was not accessible to us. We are therefore unable to evaluate it.
The data of Tables 23, 24, 28 and 30 enable us to work out the dissociation enthalpies of the Ge=O bonds in three compounds. These are shown in Table 29, together with their Si=O counterparts3. The numbers indicate that the Ge=O bonds are uniformly weaker than their Si=O analogues but follow the same trends. From these figures, it is tempting to think that X=O bonds in H2XO and XO represent the standard double and triple bonds, as has been suggested117. It should be borne in mind, however, that the dissociation product, XH2, of the H2X=O bond is stabilised by DSSE and if the magnitude of this is allowed for (see Table 25), the difference with DH0(X=O) is much diminished. It should also be noted that some Ge-O single bonds (Table 22) are stronger than some apparent double bonds, a suggestion made earlier by theoreticians105. What is clear is that the weakness of the first X=O bond in XO2, is caused by the stability of XO, ie the strength of the second bond.


Similar considerations apply to germanium sulfur bonds and so we have included in this review the compounds GeS and GeS2. There are no recent references, and the main sources of data are the evaluation of Gurvich et al.33 and the substantial paper of O’Hare and Curtis118. The data is collected in Table 28. For GeS the cited ΔHf○ data33,118 has been corrected from 0 K to 298 K. We selected the ΔHf○ value of O’Hare and Curtis118 as the preferred value. These authors offered a detailed explanation for the differences with Gurvich et al.33 but see below. For ΔHf○ (GeS2) we again selected the value of O’Hare and Curtis118. The cited value of Gurvich et al.33 is 7 kJ mol-1 higher but has not been corrected from 0 K because the uncertainty is so high (± 20 kJ mol-1).

The data of Tables 28 and 30 enable us to work out the dissociation enthalpies of the Ge=S bonds in GeS and GeS2. These are shown in Table 29, together with their Si=S counterparts119. Just like for Ge=O bonds, Ge=S bonds are weaker than their Si=S analogues and follow similar trends. It has again been suggested118 that the bonds in GeS and GeS2 represent double and triple bonds, but in the light of the discussion of Ge=O bonds above we would exercise caution. We could find no recent literature value (neither experimental nor theoretical, post-1990) for DHo(H2Ge=S), but have been able to derive one of 356 kJ mol-1 (± 20 kJ mol-1)120. from other, fairly recent, CCSD(T) theoretical data121. Although this value is less than that for DHo(Ge=S), the difference would once again be significantly reduced if DSSE (GeH2) (Table 25) were taken into account. Indeed we note that the Ge-S single bond (Table 22) is stronger than DHo(SGe=S). Just as for the Ge=O bonds in GeO2, it is again clear that the weakness of the first X=S bond in XS2, is caused by the stability of XS, ie the strength of the second bond.

5. APPENDIX


Radical and atomic enthalpies of formation3,28,32,88,90,95,122 for non-germanium containing species, used in this article to derive bond dissociation enthalpies, are shown in Table 30. Only where uncertainties of exceed 0.1 kJ mol-1 are they provided.
For conversions of molecular ΔHf○ values from 0 K to 298K we employed the relationship: ΔH○(298 K) = ΔE○(0 K) – [ƩB(products) - ƩB(reactants)]

where B = Ho(0 K) – Ho(298 K) for each species involved in the reaction of interest, usually a dissociation. The required enthalpy functions, B, were available either in the cited paper or one of the compilations (eg ref 33). Ancilliary data for atomic ΔHf○(0 K) values were also available from these sources.
6. CONCLUSION


We have reviewed, updated and evaluated enthalpies of formation together with bond dissociation enthalpies for germanium and organogermanium compounds. Despite a paucity of new data we have been able to use recent theoretical values to assist evaluation of earlier experimental numbers to provide selections and recommendations for best values for many compounds. Where there is genuine uncertainty we have tried to make this clear. If there is a bias in our choice of values, it is towards favouring experimental over theoretical values. While we recognise that in current times, experimental work in this area is no longer fashionable, we make no apology for stressing once again the importance of this topic. Understanding of the energetics of reactions lies at the heart of the subject of chemistry. 
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Table 1 ΔHf○ values for GeR4 compounds (/kJ mol-1).
	Compound
	Experiment
	Evaluated
	Theory
	Selected

	GeH4
	90.8 ± 2.1a
	90.8 ± 2.1b
	83c, 91d, 81.5s
	90.8 ± 2.1

	GeMe4
	-86.6 ± 8.4e, 

-102.6 ± 8.3f

	-89.9±8.4b,
-103.8± 8.3b,
-107.5 ± 6.4g
	-121c (-123 ± 4)c
	-123  ± 4

	GeF4
	-1189.8 ± 0.6h, 
-1190.0 ± 1.6i, 

-1191.4. ± 0.5j
	-1190.2 ± 0.5k, l, 
-1188.3m
	-1190c, -1199.6n, -1216o, -1191.6p
	-1190.2 ± 0.5

	GeCl4
	-494.8 ± 2.7q
	-495.8r, -500 ± 10l,

-497.9m
	-500.4n, -525.5o, -486.2p, -509.5s, -488.7t
	-494.8 ± 2.7

	GeBr4
	-286.6u, 306.0 ± 5.8v
	-300.0r, -296 ± 6l,

-292.9m
	-316.2s, -289.0t
	-306.0 ± 5.8

	GeI4
	-51.0u, -40.5 ± 4.2x, 
 -68.2 ± 4.0y
	-56.9q, -64 ± 5.4l,

-40.6m
	-61.9t
	-68.2 ± 4.0


a Refs. 42,43
b Ref. 4
c Ref. 44
d Ref.46
e Ref. 47
f Ref. 48
g Ref. 29
h Ref. 53
i Ref. 55
j Ref. 56
 k Ref. 28
l Ref. 33
 m Ref. 67
n Ref. 57
o Ref. 58
p Ref. 59 
q Ref. 60 
 r Ref. 27
s Ref. 61
t Ref 62

 u Ref. 63 but see text
       v Ref. 64 
      x Ref. 65
y Ref. 66
Table 2 ΔHf○ values for GeHnF4-n compounds (/kJ mol-1).
	Compound
	Bond additivity
	Systematizationa
	Theory
	Adjusted theoryb

	GeH4
	90.8c
	90.8
	87.2d, 76.6e, 81.5f
	90.8 ± 2.1

	GeH3F
	-229.5
	-209.2
	-225.0d, -237.2e, -233.2f
	-220.0 ± 1.7

	GeH2F2
	-549.7
	-535.6
	-557.5d, -571.1e, -567.9f
	-551.0 ± 1.3

	GeHF3
	-870.0
	-861.9
	-890.3d, -905.8e, 
	-882.3 ± 0.9

	GeF4
	-1190.2c
	-1188.3
	-1199.6d, -1216.3e
	-1190.2 ± 0.5


a Ref. 67
b Preferred value, see text
c See Table 1
d Ref. 57
e Ref. 58
f Ref.61
Table 3 ΔHf○ values for GeHnCl4-n compounds (/kJ mol-1).
	Compound
	Bond additivity
	Systematizationa
	Theory
	Adjusted theoryb

	GeH4
	90.8c
	90.8
	87.2d, 76.6e, 81.5f
	90.8 ± 2.1

	GeH3Cl
	-55.9
	-50.2
	-57.7d, -72.0e, -64.7f
	-53.6 ± 2.3

	GeH2Cl2
	-202.5
	-200.8
	-207.8d, -225.5e, -215.9f
	-203.2 ± 2.4

	GeHCl3
	-349.2
	-351.5
	-357.0d, -378.7e, -366.1f
	-351.9 ± 2.6

	GeCl4
	-494.8c
	-497.9
	-500.4d, -525.5e, -509.5f
	-494.8 ± 2.7


a Ref 67
b Preferred value, see text
c See Table 1
d Ref. 57
e Ref. 58
f Ref. 61
Table 4 ΔHf○ values for GeHnBr4-n compounds (/kJ mol-1).
	Compound
	Bond additivity
	Systematizationa
	Theory
	Adjusted theoryb

	GeH4
	90.8c
	90.8
	 81.5d
	90.8 ± 2.1

	GeH3Br
	-8.4
	-4.2
	-16.5d
	-7.0 ± 3.1

	GeH2Br2
	-107.6
	-100.4
	-117.7d
	-108.0 ± 4.0

	GeHBr3
	-206.8
	-196.6
	-218.5d
	-208.5 ± 4.9

	GeBr4
	-306.0c
	-292.9
	-316.2d
	-306.0 ± 5.8


a Ref. 67
b Preferred value, see text
c See Table 1
d Ref. 61
Table 5 ΔHf○ values for GeFnCl4-n compounds (/kJ mol-1).
	Compound
	Bond additivity
	Theory
	Adjusted theorya

	GeF4
	-1190.2b
	-1216.3c
	-1190.2 ± 0.5

	GeF3Cl
	-1016.4
	-1043.5c
	-1016.2 ± 1.1

	GeF2Cl2
	-842.5
	-807.5c (-870.5d)
	-842.1 ± 1.6

	GeFCl3
	-668.7
	-697.1c
	-667.5 ± 2.2

	GeCl4
	-494.8b
	-525.5c
	-494.8 ± 2.7


a Preferred value, see text
b See Table 1

c Ref. 58
d suggested revision, see text

Table 6 Disproportionation enthalpiesa of halogermanes and halosilanes (/kJ mol-1) from adjusted theoretical values
	Compound
	MH3X
	MH2X2
	MHX3

	M=Geb

	X=F
	-20.2
	-0.3
	+23.4

	X=Cl
	-5.1
	+0.8
	+5.8

	X=Br
	-3.2
	+0.5
	+3.0

	M=Sic

	X=F
	-29
	-11
	+12

	X=Cl
	-8
	-1
	+5

	X=Br
	-7
	0
	+3


a ΔH○ values for:   2MHnX4-n  (  MHn+1X3-n + MHn-1X5-n 
b From tables 2-4 
c Ref. 3
Table 7 ΔHf○ values for GeHnMe4-n compounds (/kJ mol-1).
	Compound
	Bond additivity
	Theory
	Adjusted theorya

	GeH4
	90.8b
	81.5c
	90.8 ± 2.1

	MeGeH3
	37.4
	34.4c
	41.1 ± 2.6

	Me2GeH2
	-16.1
	(-15.5d)
	-11.5 ± 3.1

	Me3GeH
	-69.6
	-67.6c
	-66.4 ± 3.6

	GeMe4
	-123b
	-121.3c
	-123 ± 4.0


a Preferred value, see text
b See Table 1
c Ref. 61
d see text

Table 8 ΔHf○ values for MenGeF4-n compounds (/kJ mol-1).
	Compound
	Bond additivity
	Theory
	Adjusted theorya

	Me4Ge
	-123b
	-121.3c, -112d
	-123 ± 4.0

	Me3GeF
	-389.8
	-416.0c, -411d
	-412.0 ± 3.1

	Me2GeF2
	-656.6
	-706.6c, -706d
	-697.2 ± 2.3

	MeGeF3
	-923.4
	-978.7c -982d
	-964.0 ± 1.4

	GeF4
	-1190.2b
	-1216d
	-1190.2 ± 0.5


a Preferred value, see text
b See Table 1
c Ref. 61
d Ref 45

Table 9 ΔHf○ values for MenGeCl4-n compounds (/kJ mol-1).
	Compound
	Experiment
	Bond additivity
	Theory
	Adjusted theorya

	Me4Ge
	
	-123b
	-121.3c
	-123 ± 4.0

	Me3GeCl
	-266.1±8.8d, -239.8±5.7e
	-216.0
	-245.8c
	-242.3 ± 3.7

	Me2GeCl2
	
	-308.9
	-353.0c
	-345.0 ± 3.4

	MeGeCl3
	
	-401.9
	-441.0c
	-429.3 ± 3.1

	GeCl4
	-494.8b
	-494.8b
	-509.4c
	-494.8 ± 2.7


a Preferred value, see text
b See Table 1
c Ref. 61
d Ref. 68
e Ref. 69
Table 10 ΔHf○ values for MenGeBr4-n compounds (/kJ mol-1).
	Compound
	Experiment
	Bond additivity
	Theory
	Adjusted theorya

	Me4Ge
	
	-123b
	-121.3c
	-123 ± 4.0

	Me3GeBr
	-222.2±8.8d, -196.5±4.3e
	-168.8
	-197.9c
	-194.9 ± 4.5

	Me2GeBr2
	
	-214.5
	-255.2c
	-248.7 ± 4.9

	MeGeBr3
	
	-260.3
	(-294.3f)
	-285.4 ± 5.4

	GeBr4
	-306.0b
	-306.0b
	-316.2c
	-306.0 ± 5.8


a Preferred value, see text
b See Table 1
c Ref. 61
d Ref. 68
e Ref. 69
f See text

Table 11 Disproportionation enthalpiesa for the methylhalogermanes and methylhalosilanes (/kJ mol-1) from adjusted theoretical values.
	Compound
	Me3MX
	Me2MX2
	MeMX3

	M=Geb

	X=F
	+3.8
	+18.4
	+40.6

	X=Cl
	+16.6
	+18.4
	+18.8

	X=Br
	+18.1
	+17.1
	+16.1

	M=Sic

	X=F
	-5.9
	+5.1
	+20.1

	X=Cl
	+12.4
	+13.3
	+14.0

	X=Br
	+15.7
	+14.0
	+14.1


a ΔH○ values for:  2MHnX4-n ( MHn+1X3-n + MHn-1X5-n
b From Tables 8-10
c Ref 3
Table 12 ΔHf○ values for Ge(alkyl)4 compounds (/kJ mol-1).
	Compound
	Experimenta
	NIST, QSPR
	Preferred

	GeEt4
	-160.7±7.5, -167.7±8.4
	-164.9±6.5b, -157.3c,
-177.2d, -180.1e
	-164.7 ± 4.0

	GePr4
	-226.8±6.5, -243.9±5.9
	-228.6±5.3b, -231.0c,
-250.6d, -252.9e
	-247.4 ± 4.5

	GeBu4
	-334.7±4.2
	-304.8c, 323.7d, -325.6e
	-330.0 ± 5.0


a Ref. 4
b Ref. 29
c Ref. 39
d Ref. 40
e Ref. 41
Table 13 Average enthalpy differences (/kJ mol-1) for hydrogen-for-methyl (ΔΔ(H/Me)) and methyl-for-ethyl (ΔΔ(Me/Et)) substitution for ΔHfo(GeR4).
	Quantity
	ΔΔ(H/Me)
	ΔΔ(Me/Et)

	Old
	+48.6a
	+14.6b

	New
	+53.5c
	+10.4d


a Ref. 38
b Ref. 37
c From Table 1
d From Tables 1 & 12
Table 14 ΔHf○ values for selected organogermanium oxygen containing compounds (/kJ mol-1).
	Compound
	Experiment
	Evaluated
	Preferred

	Ge(OMe)4
	-802.0±4.6a, -821.7±4.2a
	-803.8±2.7b
	-816 ± 12c

	Ge(OEt)4
	-963.8±4.8a, -982.0±4.2a
	-965.6±3.1b
	-953 ± 12c

	(Et3Ge)2O
	-552.7±12.6a, -573.2±9.4a
	-531±16b, -556±10b
	-542 ± 11c

	(Me3Ge)2O
	-
	-531.4±17d
	-480 ± 10

	Me3GeOEt
	-367.4±12.6d
	-366.9b
	-341.4 ± 11.0c (-356 ± 15)e


a Ref. 4
b Ref. 29
c Estimated, see text
d Ref. 68
e Based on comparison with ΔHf○(Me3GeOH), see text
Table 15 ΔHf○ values for selected germanols (/kJ mol-1). 

	Compound
	Theory
	Preferred

	H3GeOH
	-164.8a, -176b, -167c
	-167 ± 12

	Me3GeOH
	-342c
	-342  ± 4


a Ref. 74
b Ref. 75
c Ref. 45
Table 16 ΔHf○ values for selected hetero-organogermanium compounds (/kJ mol-1).
	Compound
	Experiment, theory
	Evaluated
	Preferred

	Me3GeSBun
	-228.9±12.6a, -230.1±12.6b
	-229.1±17c
	-203 ± 10d

	Me3GeNMe2
	-121.8±12.6a, -121.3±12.6b
	-121.6±17c
	-96 ± 10d

	Et3GeNEt2
	-296.5±7.8b
	-296.5±7.8e,-298.3±6.9c
	-182.4 ± 10d

	Me3GeNH2
	-116f
	
	-116 ± 7f

	H3GeNH2
	+51f
	
	+51 ± 12


a Ref. 68
b Ref. 4
c Ref. 29
d Estimated, see text

e Ref. 30
f Ref. 45
Table 17 ΔHf○ values for selected digermanium and related compounds (/kJ mol-1).
	Compound
	Experiment
	Evaluated
	Theory
	Preferred

	Ge2H6
	162.3 ± 1.3a
	162.3±1.3b
	124.3c, 142.5l, 143d
	162.3 ± 1.3

	Ge3H8
	226.8 ± 5.6a
	226.8 ±5.6b
	196.7l, 231.2e
	226.8 ± 5.6

	H3GeSiH3
	120 ± 3f, 31g
	121h
	108.7l
	120  ± 3

	Ge2Me6
	-261.3i, 

-153.1 ± 6.3k
	-153.1 ± 6.3k, -158.7j
	
	-153.1 ± 6.3

	Me2GeHGeH2Me
	-
	-
	-1.0d
	+ 4.6 ± 10

	Ge2Et6
	-310.2±12.1b, -347.2±8.7b
	-221.1j
	
	-221.1 ± 10

	Me3GeSiMe3
	-310.1i
	-310.1b, -241.2j
	
	-241.2 ± 10

	Me3GeSnMe3
	-165.9i
	-165.9b
	
	


a Refs. 42,43
b Ref. 4
c Ref. 76
d Ref. 45
e Ref. 77
f Ref. 11
g Ref.78
h Refs. 34-36
i Ref. 51
j See text
k Ref.79 
l Ref.61
Table 18 Measured and calculated bond dissociation energies (enthalpies) for Ge-H bonds (/kJ mol-1).
	Bond
	DHo(298K)

	
	Experiment
	Theorya

	H3Ge‒H
	346±10b, 343±8c
	356.5d, 345.2e, 355.0f, 369.9g

	Me3Ge‒H
	340±10h, 345.6±2.1i, 
	

	Et3Ge‒H
	348.5±2.5i
	

	Bu3Ge‒H
	349.8±2.5i
	

	PhGeH2‒H
	335.6±2.9i
	

	Ph2GeH‒H
	336.8±2.9i
	

	Ph3Ge‒H
	339.7±3.3i
	

	IGeH2‒H
	332±10j
	


a Corrected from 0 K where necessary
b Refs. 82,83
c Ref. 86
d Ref. 76

e Ref. 87
f Ref. 57
g Ref. 58
h Refs. 80,81
i Ref. 85
j Ref. 84
Table 19 ΔHf○ values for selected germyl free radicals (/kJ mol-1).
	Species
	Experiment
	Theorya
	Selected

	GeH3
	219±10b, 222±8a,c
	211.3d, 224.2e, 228.4f
	219 ±10

	MeGeH2
	169±10g
	
	169±10

	Me2GeH
	117±10g
	
	117±10

	Me3Ge
	62±10g, 70.8±8.9h
	
	62 ±10


a Corrected from 0 K where necessary
b Refs. 33,82
c Ref. 86
d Ref .76
e Ref. 57
f Ref. 58
g See text
h Ref. 79
Table 20 Derived germanium-carbon, germanium-germanium and germanium-silicon bond dissociation enthalpies (/kJ mol-1)a.

	Bond
	DHo
	Bond
	DHo

	H3Ge‒CH3
	323±10
	H3Ge‒GeH3
	276±15

	MeH2Ge‒CH3
	326±10
	Me3Ge‒GeMe3
	282±15

	Me2HGe‒CH3
	329±10
	H3Ge‒SiH3
	300±10

	Me3Ge‒CH3
	331±10
	Me3Ge‒SiMe3
	318±12


a See text for data sources
Table 21 Derived germanium-halogen bond dissociation enthalpies (/kJ mol-1)a.

	Halogen(X)
	DHo(H3Ge-X)
	DHo(Me3Ge-X)
	DHo(X3Ge-X)

	
	Derived
	Theory, etc
	Derived
	Derived
	Theory, etc

	F
	518±10
	529b, 545c, 511d
	553±10
	558±10
	541b, 542c, 586d

	Cl
	394±10
	403b, 422c, 394d
	426±10
	402±10
	387b, 391c, 381d

	Br
	338±10
	338d
	367±12
	333±15
	336d

	I
	275±10
	270d
	299±15
	257±20
	273d


a See text for data sources unless indicated
b Ref.57
c Ref. 58
d Refs. 67,92
Table 22 Derived and calculated germanium-oxygen, germanium-nitrogen and germanium-sulfur bond dissociation enthalpies (/kJ mol-1)a.

	Bond
	DHo
	Bond
	DHo

	H3Ge-OH
	423 ±10b
	H3GeO-H
	488 ±10b

	Me3Ge-OH
	441±10b
	Me3GeO-H
	485 ±10b

	Me3Ge-OEt
	392±10 (407±10)c
	Me3GeO-Et
	385 ±10b (400 ±10)c

	Me3Ge-OGeMe3
	466 ± 10
	
	

	Me3Ge-O
	386 ± 10b
	
	

	H3Ge-NH2
	354 ±10b
	H3GeNH-H
	450 ±10b

	Me3Ge-NH2
	364 ± 10b
	Me3GeNH-H
	447 ±10b

	Me3Ge-NMe2
	314 ± 10
	
	

	Me3Ge-SBun
	325 ±10 
	
	


a See text for data sources unless indicated
b Ref. 45
c See Table 14, footnote e
Table 23 ΔHf○ values (/kJ mol-1)a for various disubstituted germylenes (1A1 ground state).
	Species
	Experiment
	Theory
	Evaluated, systemised
	Preferred

	GeH2
	>245 (255)b, 237±12c, 233±12d
	252c, 238e, 239d, 245f, 239g
	238h
	237±12

	GeMe2
	-
	138i
	-
	138±12

	GeF2
	-573±9j
	-534.1f, -543.1g, -526.8k,
 -534.3l, -528.9m
	-574 ±20n,

-498h
	-534±8

	GeCl2
	-172±8o, -163±8p
	-171.5f, -184.9g, -171.1l, -163.6m
	-175 ± 5n,

 -126h
	-163±8

	GeBr2
	-59±8o, -66±8p, -76.8±6.2q
	-65.7m
	-46 ± 5n,
 -36h, -62.8r
	-77±6

	GeI2
	46.6±4.7s
	+54.9m
	-53.5 ± 4n,

 71h , 46.9r
	47±5


a Corrected from 0 K where necessary
b Ref. 86
c Ref. 8
d Ref. 11
e Ref. 76
f Ref 57: revised for ΔHf○(Ge) from ref 28.   g Ref. 58        h Ref. 99
i Ref. 14
j Refs. 96,97
k Ref. 93
l Ref. 59
m Ref.62   n Ref. 33   o Ref. 98         p Revised value see text.     q Ref. 64
r Ref. 27
s Ref. 66
Table 24 Derived ΔHf○ values (/kJ mol-1) for various monosubstituted germylenes (singlet ground states) and H2Ge=O
	Species
	Experimenta
	Theory
	Preferred

	MeGeH
	199±20, 193±13
	172b
	193 ± 13

	H3GeGeH
	-
	317b, 307±10c, 322d
	322 ± 10

	H3SiGeH
	-
	262b, 273e
	273 ± 10

	HOGeH
	-
	+57f, -103g, -38h, -74.9i, -61.9j, -70k
	-68 ± 15

	H2Ge=O
	-
	98f, 27g, 51h, 61j, 35k
	45 ± 15


a See text
b Based on ref. 100; see text
c Based on ref. 94; see text
d Based on ref. 101; see text
e Based on ref. 102; see text
f Based on ref. 103
g Based on ref. 104 
h Based on ref. 105
i Based on ref. 75
j Based on ref. 106
k Ref. 45
Table 25 Derived DSSE values (/kJ mol-1) for germylenes and comparison with silylene counterparts.

	Germylenes
	∆Hf0 a
	DSSEb
	Silylenes
	DSSEc

	GeH2
	237 ± 12
	110 ± 19
	SiH2
	94 ± 4

	GeMe2
	138 ± 12
	109 ± 19
	SiMe2
	128 ± 13

	MeGeH
	193 ± 13
	104 ± 16
	MeSiH
	110 ± 11

	H3GeGeH
	322 ± 10
	72 ± 14
	H3SiSiH
	76 ± 12

	GeF2
	-534 ± 8
	302 ± 16
	SiF2
	283 ± 10

	GeCl2
	-163 ± 8
	230 ± 16
	SiCl2
	196 ± 11

	GeBr2
	-76.8 ± 6
	214 ± 15
	SiBr2
	178 ± 17

	GeI2
	47 ± 5
	184 ± 15
	SiI2
	163 ± 26


a See text and Table 23 for source values
b See text for definition
c Ref. 3

Table 26 Theoretical π-bond enthalpies, and derived ΔHhyd and ΔHf○ values for some prototype π-bonded germanium compounds, H2Ge=X (/kJ mol-1).
	Species
	DHπ a,b
	ΔHhyd c
	ΔHf○ c

	H2Ge=CH2
	134a, 143.1b
	-197.9
	238.8 ± 10

	H2Ge=GeH2
	106a, 102.1b
	-145.2
	307.5 ± 10

	H2Ge=SiH2
	108a, 104.2b
	-168.2
	288.2 ± 10


 a Ref. 108
b Ref. 110
c See text.
Table 27 Derived π-bond enthalpies (/kJ mol-1) for π-bonded germanium compounds and comparison with their π-bonded silicon counterparts.

	Compound
	ΔHf○a
	DHπb
	Compound
	DHπb,c

	H2Ge=CH2
	238.8 ± 10
	131 ± 10
	H2Si=CH2
	146 ± 9

	H2Ge=SiH2
	288.2 ± 10
	102 ± 10
	H2Si=SiH2
	113 ± 8

	H2Ge=GeH2
	307.5 ± 10
	87 ± 10
	H2Si=GeH2
	102 ± 10

	H2Ge=O
	45 ± 15
	192 ± 15
	H2Si=O
	284 ± 20


a See Tables 24, 26
b See text for definition
c Ref. 3
Table 28 ΔHf○(g) values for germanium monoxide, dioxide, sulfide and disulphide (/kJ mol-1).
	Compound
	Experiment
	Evaluated
	Theory
	Preferred

	GeO
	-35.1±8a, -41.4±2.8b, -35 ± 10c
	-46.2d,e, -37.5±4f
	-27.6±13.4g, -36h
	-41.4 ± 2.8

	GeO2
	-106 ±10c
	-46e,i, -104±20f
	-72.0±13.4g, -90h
	-80 ± 15

	GeS
	106.1 ± 3.1j
	94.1±1.2f
	
	106 ± 3

	GeS2
	112 ± 20j
	119 ± 20f
	
	112 ± 20


a Ref. 113
b Ref. 114
c See text and ref. 115
d Ref. 27
e Ref. 23
f See text and ref. 33
g Ref. 62
h Ref. 45
i Ref. 116
 j See text and ref. 118
Table 29. Derived ∆Hfo and DHo (Ge=O) values (/kJ mol-1)
	Compound
	∆Hfo a
	DHo (Derived)a
	Compound
	DHo b,c

	H2Ge=O
	-99 ± 6
	441  ± 15
	H2Si=O
	620  ± 6b

	Ge=O
	-41 ± 3
	663  ± 4
	Si=O
	801  ± 12b

	OGe=O
	-80 ± 15
	288 ± 15
	OSi=O
	430 ± 13b

	Ge=S
	106 ± 3
	543 ± 4
	Si=S
	617 ± 5c

	SGe=S
	112 ± 20
	271 ± 20
	SSi=S
	349 ± 16c


a See text and Tables 24 and 28
b See ref. 3
c See text and ref. 119
Table 30. Standard enthalpies of formation (∆Hfo/kJ mol-1) for various atoms and free radicalsa,b
	Species
	∆Hfo
	Species
	∆Hfo

	H
	218.0 
	SBun
	60 ± 2d

	CH3 (Me)
	146.4 ± 0.1
	C
	716.9 

	C2H5 (Et)
	119.9 ± 0.3
	Si
	450 ± 8e

	OH
	37.5 
	Ge
	372 ± 3f

	OMe
	21.6 ± 0.3
	F
	79.4 

	OEt
	-11.6 ± 0.5
	Cl
	121.3

	NH2
	186.0 ± 0.1
	Br
	111.9 ± 0.1

	NHMe
	176. 6 ± 0.5
	I
	106.8

	NMe2
	156.3 ± 1.5
	O
	249.2

	SiH3
	200.5 ± 2c
	S
	277e

	SiMe3
	15 ± 7c
	
	


a Only uncertainties of >0.1 kJ mol-1 shown
bFrom Ref 95 unless indicated


c Ref. 3

d Ref. 122
e Ref. 32
f.Ref. 28
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Fig. 1   Dependence of ∆Hfo (Me4-nGeCln) on n, ▲ Adjusted theory, ○ Bond additivity. The solid line is the fit to additivity values and dashed line is the fit to adjusted theory (preferred) values.
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