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demonstrates that independence of pressure and 
linearity of van't Hoff plots do not assure the achieve­
ment of equilibrium. It leads to a calculated value of 
the apparent heat of reaction which depends only on 
the activation energy of the clustering reaction and the 
functional form of the temperature dependence of 
mean residence times. As long as applied fields are 
sufficient to assure the applicability of (XI), the resultant 
AHi will be independent of instrumental parameters, 
drift lengths, field strengths, etc., and will differ by ap­
proximately — 2 kcal/mol from the activation energy for 
the forward reactions. These factors will, however, 
affect the intercept of van't HofT plots and thereby exer­
cise considerable influence on the apparent values of 
free energies and entropies of reaction. This is consis­
tent with earlier observations.6 •1' 

The present considerations support the thermo­
dynamic parameters reported by Kebarle and co­
workers3 '12 '13 and DePaz, et al.,n and thereby reflect 
on the probable structure of the hydrated proton. 

Sugar monomers contain a number of alcohol 
chromophores as well as an ether chromophore 

in a tetrahydrofuran or tetrahydropyran ring. These 
chromophores exhibit degenerate or nearly degenerate 
transitions so that, in order to understand the electronic 
transitions of a monosaccharide, it is important to 
assess the strength of the interactions between these 
groups. Such an understanding is particularly im­
portant to our laboratory since we are conducting 
circular dichroism studies on sugars in aqueous solu­
tion in the vacuum-ultraviolet where Cotton effects as­
sociated with at least the first band in these chromo­
phores can be completely determined.3 

It might be best to measure the electronic absorption 
spectra of the sugars themselves in aqueous solution for 
direct comparison with the circular dichroism spectra. 

(1) This work was supported by National Science Foundation Grant 
No. GB-28960X. 

(2) Recipient of PHS Research Career Development Award GM-
32784. 

(3) R. G. Nelson and W. C. Johnson, Jr., / . Amer. Chem. Soc., 94, 
3343(1972). 

Theoretical considerations,16-26'27 particularly the ab 
initio calculations of Newton and Ehrenson,16 are in 
essential agreement with these experimental thermo­
dynamic quantities and suggest that the optimized 
chain structures of the lower, and chain and branched 
structures of the higher proton hydrates, are good 
representation of actual structures, that the central 
OH bond distance in the dihydrate is considerably 
greater than in H3O+, and that the addition of further 
water molecules causes the central OH bond to shorten 
again gradually. 
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However, to measure spectra in aqueous solution in the 
vacuum uv, it is necessary to use extremely short and 
unknown path lengths to minimize light absorption by 
the solvent. Such a procedure is reasonable for circular 
dichroism spectra because the absorption due to the 
symmetric solvent cancels in the measurement, but 
clearly the procedure is not applicable to the measure­
ment of absorption spectra where the path length of the 
sample and the blank must be identical. 

As a first step we have measured the spectra of some 
less complex molecules which are related to sugars. 
Since they are measured in the vapor phase, the results 
are not complicated by solvent effects, but of course 
solvent effects must be considered if the results are 
generalized to aqueous solution. 

The spectra of four complex model sugar compounds 
(tetrahydrofurfuryl alcohol, 3-hydroxytetrahydrofuran, 
tetrahydropyran-2-methanol, and 2-hydroxytetrahydro-
pyran) are new in this study, as are the spectra of 
cyclohexanol and the cyclic ether 2-methyltetrahydro-
pyran. The spectra of two other alcohols (methanol 
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and ethanol) as well as the spectra of three other 
ethers (diethyl ether, tetrahydrofuran, and tetrahy-
dropyran) which were measured previously are pre­
sented here to compare with the more complex mol­
ecules. (References 4-12 contain alcohol and ether 
spectra of recent workers and references to earlier 
work.) We have repeated the spectra of these molecules 
on our spectrometer for internal consistency using 
modern dual beam instrumentation and improved 
pressure measuring methods. 

Experimental Section 

Procedure. All spectra were measured on a standard McPherson 
225 vacuum-ultraviolet spectrometer with a double beam attach­
ment (McPherson Model 665) and logarithmic ratiometer (Mc­
Pherson Model 782). The spectra were recorded directly in optical 
density. The 1-m focus= tripartite grating (ruled 600 lines mm-1) 
gave a dispersion of 16 A mm-1. Entrance and exit slit widths of 
100 ix were used for all measurements so that the spectral slit width 
was 1.6 A. 

AU compounds were studied in the vapor phase and cell path 
lengths of 1, 10, or 100 mm were appropriately chosen to match 
the pressure of the compound and its extinction coefficient. Three 
different methods were used for measuring the pressure of the gases. 
(1) For compounds with a high vapor pressure and bands of low 
extinction coefficient the pressure in the cell could be measured 
directly using a simple U-tube mercury manometer. (2) For com­
pounds with sufficient vapor pressure and bands of high extinction 
coefficient the pressure was measured in a small calibrated volume. 
This volume of vapor was expanded in the cell. (3) During the final 
stages of this work all pressures were measured directly on a Bara-
tron type 144 pressure meter from MKS Instruments, Inc. This 
allowed measurement of pressures to 0.0030 mm with an accuracy of 
1 % so that accurate extinction coefficients could be determined for 
the compounds with very low vapor pressures. All three methods 
of pressure measurement were compared using ethanol and found 
to give values within ±2.5 %. 

Materials. The four low-boiling compounds (methanol, ethanol, 
diethyl ether, and tetrahydrofuran) were all reagent grade and their 
spectra were found to be unchanged by fractional distillation. All 
other compounds were purified by gas-liquid chromatography. 
Compound purity was also monitored by measuring the refractive 
index. 

The 2-hydroxytetrahydropyran was synthesized in our labora­
tory by acid hydration of dihydropyran following the method of 
Woods.13 

Before measurement all samples were outgassed by repeated 
freezing and thawing under vacuum. Each spectrum was mea­
sured at a variety of pressures and at a number of different times. 
No evidence of photodecomposition was observed. In the cases 
where spectra had been published previously, they compared favor­
ably with our results. 

Results 

The spectra are divided into three groups: (1) 
simple alcohol chromophore; (2) simple ether chromo-
phore, and (3) alcohol and ether chromophore com­
bined. The shape of the spectra seems to be more 
closely related to the oxygen chromophore (whether it 
is an alcohol or an ether) than to the hydrocarbon 

(4) L. W. Pickett, N. J. Heoflich, and T.-C. Liu, J. Amer. Chem. 
Soc, 73,4865(1951). 

(5) A. J. Harrison, B. J. Cederholm, and M. A. Terwilliger, / . Chem. 
PAjZj., 30, 355 (1959). 

(6) A. J. Harrison and D. R. W. Price, J. Chem. Phvs., 30, 357 (1959). 
(7) G. Hernandez, J. Chem. Phys., 38, 1644, 2233 (1963); ibid., 39, 

1355(1963). 
(8) H. Tsubomura, K. Kimura, K. Kaya, J. Tanaka, and S. Naga-

kura, Bull. Chem. Soc. Jap., 37, 417 (1964). 
(9) M. P. Holden, Doctoral Dissertation, University of Washington, 

Seattle, 1965. 
(10) H. Kaiser, Doctoral Dissertation, Lidwig-Maximilians Uni-

versitat, MUnchen, 1970. 
(11) D. R. Salahub and C. Sandorfy, Chem. Phys. Lett., 8, 71 (1971). 
(12) M. B. Robin and N. A. Kuebler, / . Electron Spectrosc. Relat. 

Phenomena, 1,13(1972). 
(13) G. F. Woods, Jr., Org. Syn., 39,470(1955). 

'Enerau (cm'1 x. 10'3J 

Figure 1. Absorption spectra of simple alcohols. 

skeleton, at least below 70 kK. 1 4 This leads us to 
devise a simple method to predict the spectra of the 
more complex compounds and unmeasured sugars. 
This is developed in the discussion. Here we present 
the spectra and briefly discuss the features in the low-
energy region of the spectrum and their assignments. 

The first group consists of methanol, ethanol, and 
cyclohexanol whose spectra are presented in Figure 1. 
All the alcohols show a broad, low-intensity band 
between 50 and 60 kK. Methanol exhibits two sharp 
and structured bands (e about 4000) at 63 and 68 kK. 
In ethanol these two bands presumably coincide at 
about 66 kK. In the case of cyclohexanol only a 
shoulder appears in this region. These bands have 
been assigned by many investigators to n<r* type and 
n-Rydberg type transitions,6 '8 '1 0~1 2 '1 6 - 1 7 but there is no 
real agreement and no reason to favor one assignment 
over another. 

The simple ether chromophore is represented in 
diethyl ether, tetrahydrofuran, tetrahydropyran, and 
2-methyltetrahydropyran shown in Figures 2 and 3. 
The spectra of diethyl ether and tetrahydropyran are 
strikingly similar. Both have three major peaks 
centered at almost the same energies (about 53, 59, and 
65 kK). These peaks show fine structure which has 
been studied by Hernandez.7 In analogy to the alcohol 
bands, the low-energy ether bands have been assigned 
n<r* type and n-Rydberg type t rans i t ions , 4 ' 6 ' 8 1 0 1 8 - 1 7 

but again agreement between investigators is lacking. 

The spectra of tetrahydropyran and 2-methyltetra­
hydropyran are also strikingly similar as would be ex­
pected if the low-energy transitions are due basically 
to the ether chromophore. Both have a highly struc­
tured but low-intensity band between 52 and 55 kK 
which is partially hidden by a more intense structured 

(14) A kK is a kilokayser equal to 1000 cm-1. 
(15) R. S. MuUiken, / . Chem. Phys., 8, 382 (1940). 
(16) L. O. Edwards, Doctoral Dissertation, University of Oregon, 

Eugene, Ore., 1969. 
(17) P. A. Snyder and W. C. Johnson, Jr., / . Chem. Phys., 59, 2618 

(1973). 
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Figure 2. Absorption spectra of simple ethers. 
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Figure 4. Absorption spectra of tetrahydrofuran chromophore 
combined with an alcohol chromophore. 
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Figure 3. Absorption spectra of simple ethers. 

band centered at 57 kK. A third peak is evident on 
top of the background continuum at about 68 kK. 

The set of cyclic compounds with both ether and 
alcohol chromophores consists of 3-hydroxytetra-
hydrofuran, tetrahydrofurfuryl alcohol, 2-hydroxy-
tetrahydropyran, and tetrahydropyran-2-methanol, 
shown in Figures 4 and 5. All these compounds are 
closely related to simple monosaccharides and their 
spectra have not been recorded previously. None of 
these spectra exhibit fine structure. The two tetra­
hydrofuran derivatives have the OH chromophore 
separated from the ether chromophore of the tetra­
hydrofuran ring by two carbon atoms. Although their 
structures are different their spectra are fairly similar. 
Both compounds exhibit a weak shoulder between 50 
and 55 kK, a more intense band at about 60 kK, and a 
third peak at about 64 kK. 

Tetrahydropyran-2-methanoI differs from tetrahy­
drofurfuryl alcohol only in ring size, since they both 
have CH2OH groups attached to the ring at the 2 posi­
tion. Again the spectra are similar with the two prom-

80 10 60 
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Figure 5. Absorption spectra of tetrahydropyran chromophore 
combined with an alcohol chromophore. The base line for the 
2-hydroxytetrahydropyran represents the contribution of the ring-
open form. 

inent bands red shifted about 1 kK for the six-membered 
ring while the low-energy shoulder has disappeared. 

The 2-hydroxytetrahydropyran differs from all the 
others in that the ring can open and close. This is 
similar to the situation in monosaccharides. In order 
to interpret the lower energy part of the spectrum we 
must know whether the majority of the molecules in 
the vapor phase are cyclic or straight chain. We cannot 
obtain spectral evidence to support either form in the 
vapor phase, since under the prevailing conditions of 
temperatures and pressure even a 100% vapor spectrum 
of the straight chain form would not have shown a 
detectable mr* transition for the carbonyl bond. In 
an attempt to estimate the amount of straight chain in 
the vapor, we measured the absorbance spectrum of a 
0.0054 M solution of 2-hydroxytetrahydropyran in 
cyclohexane. In this solventothe compound shows an 
extinction coefficient at 2900 A of 0.45. The minimum 
extinction coefficient of the pure straight chain nir* 
transition is about 10, so this corresponds to at worst 
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Figure 6. Hydrocarbon absorption spectra from ref 20. The 
spectrum of cyclopentane is similar to pentane. 

4.5% straight and 95.5% ring form. Approximately 
the same percentages are found in aqueous solution18 

implying that this is probably the percentage in the 
vapor as well. We have plotted below the spectrum of 
the 2-hydroxytetrahydropyran a spectrum which is 5% 
as high as a sum of propionaldehyde19and 2-butanol.17 

This represents the maximum contribution to the spec­
trum of the open form. The sharp peaks in the actual 
propionaldehyde spectrum have been smoothed here 
since they are not present in the spectrum of 2-hydroxy­
tetrahydropyran. 

The two chromophores in this compound are in 
close proximity. Since there may be strong interaction 
between them, we should probably consider them to­
gether as the single chromophore 

I 
—O—C—OH 

While the low-intensity shoulder between 60 and 55 kK 
as well as the 59-kK band (typical of the other com­
pounds) are still clear in this spectrum, the third high-
energy band usually present at about 65 kK has either 
blue shifted or disappeared. 

Discussion 

While workers disagree on the exact assignment of 
the three low-energy transitions in alcohols and ethers, 
they do agree that these transitions are due to the pres­
ence of the oxygen atom in the molecule and are ex­
citations of the nonbonding electrons on the oxygen to 
higher energy unoccupied states.4-12 '15-17 Further 
evidence for this can be found by comparing the 
spectra of some simple alcohols and ethers to those of 
the corresponding hydrocarbons (Figure 6).20 Such 
comparisons indicate that alcohols and ethers have 
three low-energy bands which are due to the presence 
of the oxygen atom in the molecules. We assume that 
the prominent low-energy bands in the cyclic com-

(18) L. E. Schniepp and H. H. Geller, / . Amer. Chem. Soc, 68, 1646 
(1946). 

(19) E. E. Barnes and W. T. Simpson, J. Chem. Phys., 39, 670 (1963). 
(20) J. W. Raymonda and W. T. Simpson, J. Chem. Phys., 47, 430 

(1967). 
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Figure 7. Absorption spectrum of a complex molecule calculated 
by combining the spectra of the individual chromophores. 

10 60 
"Enerqv Um^xlO'3) 

SO 

lT81 
Figure 8. Absorption spectrum of a complex molecule calculated 
by combining the spectra of the individual chromophores. 

pounds with alcohol and ether chromophores combined 
are also due to the presence of the oxygen atom. 

Figures 7 and 8 demonstrate how one can generate 
the spectra of the more complex compounds. In both 
cases we combine the spectrum of the simple cyclic 
compound with the spectrum of the COH chromophore. 
The COH contribution is found by subtracting the 
era* transitions from the spectrum of cyclohexanol. 
In Figure 7 the spectrum of 3-hydroxytetrahydrofuran 
is predicted by combining the smoothed spectrum of 
tetrahydrofuran with that for the COH group. The 
predicted spectrum compares rather well with the actual 
spectrum of the compound (Figure 4). The calculated 
spectrum also compares to that for tetrahydrofurfuryl 
alcohol (Figure 4) although this compound has an 
extra methyl group. 

In Figure 8 we combine the spectrum of 2-methyI-
tetrahydropyran which has also been smoothed to 
eliminate vibrational structure with the spectrum of the 
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Figure 9. Absorption spectrum of glucose predicted by combining 
the spectra of the individual chromophores. 

COH chromophore. Again the graphically calculated 
spectrum predicts the measured spectrum of tetra-
hydropyran-2-methanol (Figure 5) satisfactorily. 

The success in constructing spectra in this manner 
indicates that the COH chromophore is independent 
and interacts little with the ring oxygen chromophore 
when the two are separated by at least two carbon 

The cyanide complexes of the first transition series 
have received very large amounts of attention, both 

theoretical and experimental. This attention is due 
to the fact that they are relatively simple, symmetrical 
compounds and that, more importantly, they serve as 
a model of the low spin, strong crystal field complex. 1^ 

We have studied the valence electron levels of a 
number of iron series cyanide complexes, and of a re­
lated compound, by X-ray photoelectron spectroscopy. 
This technique reveals a different aspect of the electronic 
structure and, we believe, clarifies our understanding of 
these compounds. 

Before discussing our experiments, we remind the 
reader of some salient features of previous work on the 
cyanides. We cannot hope to survey so vast an area 
of research in a short introduction, so we emphasize 
merely those studies which are germane to the ground-

(1) J. H. van Vleck, J. Chem. Phys., 3, 807 (1935). 
(2) L. Pauling, J. Amer. Chem. Soc, 53,1367 (1931). 

atoms. In contrast, one can try to generate the spec­
trum of 2-hydroxytetrahydropyran by combining the 
spectrum of tetrahydropyran with the spectrum of the 
COH chromophore. The result (similar to the cal­
culated spectrum of tetrahydropyran-2-methanol, Fig­
ure 8) does not resemble the measured spectrum of 2-
hydroxytetrahydropyran. This indicates that the COH 
and ring oxygen interact strongly here. 

Finally it is of interest to try to predict the as yet 
unmeasured spectrum of a sugar in the vapor phase. 
We chose glucose which in our approximation should 
have an absorption spectrum identical with the other 
seven diastereomers in their cyclic six-membered ring 
form. The predicted spectrum, given in Figure 9, is 
calculated by combining the spectrum of 2-hydroxy­
tetrahydropyran plus the spectra of four COH groups. 
The air* transitions of the saccharides will differ from 
those of the model compounds in that the saccharides 
will have more CO and OH transitions and fewer CH 
transitions. In this case the basic cyclic compound 
should have been 2-hydroxy-5-methyltetrahydropyran 
but the spectrum of this compound should not differ 
markedly from the spectrum of 2-hydroxytetrahydro­
pyran. 

state electronic structure of the cyanide complexes. 
In these areas, we emphasize general conclusions and 
data which may be compared with our results. 

Most of the large amount of optical spectroscopic 
work on cyanides has involved examination of Iigand 
field transitions and, thus, involves moving electrons 
between occupied and unoccupied orbitals. Some 
work on ligand-to-metal charge-transfer transitions 
has appeared, however. In these transitions one moves 
electrons between two orbitals, both of which may be 
occupied in the ground state. The data, thus, have 
some direct relevance to ground-state electronic struc­
ture. An extensive discussion of the optical spectra of 
cyanides, based upon Gaussian analysis of spectra at 
room temperature and at 77 0K and upon approximate 
calculations, has been given by Gray and Alexander.3 

According to them, the first L -*• M charge-transfer 

(3) J. J. Alexander and H. B. Gray, J. Amer. Chem. Soc, 90, 4260 
(1968). 

Valence Level Studies of Cr(GN)6
3-, Mn(GN)6

3-, 
Fe(GN)6

3-, Fe(GN)6
4-, Co(CN)6

3-, and Fe(CN)6NO2- by 
X-Ray Photoelectron Spectroscopy 

A. Calabrese and R. G. Hayes* 

Contribution from the Department of Chemistry, University of Notre Dame, 
Notre Dame, Indiana 46556. Received October 12, 1973 

Abstract: The X-ray photoelectron spectra of the valence regions of the molecular ions Cr(CN)6
3-, Mn(CN)0

3-, 
Fe(CN)6

3-, Fe(CN)6
4", Co(CN)6

3-, and Fe(CN)5NO2- have been measured from spectra of salts containing these 
ions. The results have been compared with the photoelectron spectrum of the cyanide ion itself and with expecta­
tions from theoretical studies of the ions. The salient feature in some of the spectra is the 2t2g level, arising from 
metal 3d and half Iigand orbitals in Fe(CN)6

4-. 
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