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Ionization potentials (IP) are fundamental for the under- 
standinn of chemistrv. since thev determine the tendencv of 
an atom to share itsvalence electrons in a chemical bind. 
'I'extbooks of general chemi3trv (1 3) devote some soace to 
the discussionof trends on IP';. While the trend of 'creas- 
ing I P  with atomic number Z in an isoelectronic series is 
mentioned, it is difficult to find in textbooks a rationaliza- 
tion of the experimental trends by any one simple relation. 

The problem of determining the Z dependence of IP's in 
isoelectronic series has been dealt with in the very early days 
of quantum mechanics (4-6). I t  was then observed that the 
total energy of an atom can he written using (4) 

where h c R ~  = 13.598 eV is the IP of the hydrogen atom, S is 
a screening constant and n* is an effective principal quan- 
tum number. These two parameters vary as afunction of the 
number of electrons, which we designate Q. 

Slater (5) has interpreted eq 1 as giving the energy of an 
electron in an atom so that the total electronic energy is the 
sum of such terms over all electrons. The I P  is therefore the 
difference of such terms, for atoms with Q and Q - 1 elec- 
trons. These considerations have led Glockler (6) to write 
the IP (I) as a second-order polynomial in Z 

where a, b, and c are positive constants characterizing an 
isoelectronic series. Glockler has used this three-parameter 

equation to fit the first few IP's that were then available, up 
to the argon series (Q = 18). He has also used the results to 
extrapolate to Z = Q - 1, thus obtaining estimates to elec- 
tron affinities (EA). Equation 2 has later found justification 
in the 112 perturbation expansion of atomic energy levels (7- 
9). 

Pauling (3) has interpreted eq l'somewhat differently, as 
giving the I P  of the outermost electron directly. This is a 
picture of a pseudo-one-electron atom, with an effective 
charge Z - S. He has used eq 1 with n* = n to discuss IP's of 
the second-row elements. 

Since Glockler's work (6), much additional experimental 
data on IP's has been ohtained (10). The author is not aware. 
however, of updatings of his work; or of extensions to series 
above potassium. While it is possible to obtain excellent fits 
to IP's as a function of Z via eq 2 (the original parameters 
must, of course, be modified), we feel that it is more instruc- 
tive to attempt a fit to the simpler eq 1, whose two parame- 
ters have a clear physical significance. 

Results 
Fieure 1 shows afit of ea 1 t o  the ex~erimentalIP's (10) for . . 

Q = 1-54 (the first five rows in the periodic table). Ina series 
denoted hv 6) = 3. for examole. the ~ l u s  siens denote the IP's 
of Li, B~+;B~+,. . : (i.e., the first IP fbr Li, second for Be, third 
for B, etc.). Note that 1 / 2 2  has been fitted to eq 1 divided hy 
Z2, which is justified by theory (7-9). A fit to the IP's proper 
would have resulted in somewhat different values for the 
parameters. 

Figure 1. ionhation potentials in isoelectronic wries. Experimental data (plus signs1 is taken from Table E-65 of ref. 10. Lines are fits to eq 1 of 1/Z2. Some of me 
curves are marked by the appropriate number of electrons (0). The screening and effective n parameters are listed in Table 1. 
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It is comforting to observe that such a simple relationship 
fits all ot)servahle IP's at least semiquantitntivel~. Agree- 
ment with eq 1 typically improves fo; the larger 2 vdues, 
since in this limit the inner, less screened, shells are sucked 
closer to thenucleus by the large Coulomt~attraction,so that 
the one-electron atom picture hecomes more appropriate. 

The Darnmeters S a n d  n' are collected in Table 1. Thev 
are most reliable for the first three rows in the periodic table, 
for which adequate experimental data exists. Their exact 
value depends on the total number of points in the fit. For 
example, fitting only the first five IP's for the third-row 

Table 1. Parameters (n' and S) lor the One-Electron Atom 
Model of lonlzatlon Potentials* 

n 0 n' S $6 

Experimental IP's wersmken hmTableE-85 ofref. I0  UP wasmtedtoeq 1 divided 
by 1.6 is me root mean square deviation 01 nt and exprimem in units of i w 2  sv. 

Figure 2. The dilferenfial screening, A q O -  1)- SGI- S ( 0 -  I), inthe first 
three rows of the periodic table. S Is taken from Table 1. l'he line is drawn to 
guide me eye. 

elements,gives Svalues typically 5% larger, and n*'s that are 
about 10% smaller. 

As discussed above, the parameters ohtained are usually 
different from Slater's (5).  where the IP is niven as a differ- 
ence of terms of the form ( I ) .  The exception is the screening 
constants (S) of the alkali atoms Li and Na (in Slater's 
model the terms for a full shell cancel), and the general trend 
of decreasing n*ln. 

It is instructive to consider the differential screenine A S  
as Q is increased. This is shown in Figure 2 for the first [hree 
rows in the veriodic table. Thefieureclearlv shows theauan- 
tum level structure, in a simirar way td the well-known 
trends in the first IP alonn anv one row in the oeriodic table: 
AS has a peak whenever the Q - 1 electrons,-that form the 
effective core for the "outermost" electron, have the confinu- - 
ration of a filled or even half-filled shell. 

A 1s electron, for example, has a screening power of 0.65 
with respect to another 1s electron, but the screening power 
of the two 1s electrons toward the first 2s electron is consid- 
erably larger (0.85 per electron, as in Slater's rules). Hence 
the first peak in the AS plot. When the next 2s electron is 
added, the screening increases by 0.6, which is very close to 
the mutual screening for the 1s electrons. When the first 
electron is added to the 20 orbital. we witness another iumv 
in screening, indicating tha t  the 2s electrons are indeed 
closer to the nucleus than the 2v electron. Note, however, 
that the effect is of a similar magnitude to that of the princi: 
pal quantum number. This is not predicted by Slater's rules 
(5). When a second or third electrons are added, the screen- 
ing increases by about 0.74. Hence the mutual screening of p 
electrons is similar to that of s electrons. The surprising 
result is the increase in screening for the fourth p electron by 
the half-filled 2v shell. Each of the three 20 electrons has a 
screening powe; of about 0.8 toward the fburth p electron. 
This is almost as lnrae as the screenine of the 2s electrons hv 
the 1s shell, or thatof the 2p electr&s by those in the i s  
orbital. This attests to the known stability of a half-filled 
orbital. 

Very similar trends occur in the third row of the periodic 
table. From the fourth row onward the analysis of the trends 
in the screening parameter is not simple. This is due first to 
the difficultv of its accurate determination. because of inad- 
equate experimental data for some of the isoelectronic se- 
ries, and secondlv to com~lications bv the low-lvine 3d orbi- " " 
tals: I t  seems, however, that througcout the transition ele- 
ments, AS is roughly unity, as suggested by the fact that a 
lower lying electronic level is being filled. 

Next we consider the trends in the effective quantum 
number n*. From Table 1 i t  is seen that always n' 5 n. The 
same is true for Slater's rules (51, only here the effect is 
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Table 2. Parameters a, band c (In eV) lor Flttlng the Flrsl Four 
lonizatlon Potentlals to Eq 2. 

0 a b c $8 EA (calc) EA (exp) atom 

2 13.60 16.97 4.12 1 +0.75 +0.75 H 

3 3.439 11.2 8.2 12 -0.6 
4 3.442 15.1 14.8 3 +0.4 
5 3.473 22.1 32.0 8 -0.9 
6 3.470 26.8 46.9 9 -0.2 
7 3.462 31.3 64.1 12 +0.8 1.12 C- 
8 3.532 38.7 96.9 7 -0.7 
9 3.521 43.3 122.2 9 +0.9 1.47 0- 

10 3.535 48.5 153.0 4 +2.9 3.45 F- 

11 1.705 29.3 121 15 -1.4 
12 1.679 30.7 135 15 -0.2 
13 1.694 35.4 179 9 -1.0 
14 1.764 39.6 217 0.3 4-0.1 
15 1.828 43.9 258 18 +1.4 
16 1.687 42.2 253 8 +0.2 
17 1.685 44.3 279 4 +1.7 2.07 S- 
18 1.680 46.3 305 4 +3.2 3.61 CI- 

36 1.234 76.6 1171 15 +2.9 3.36 BT 

larger. I t  can be understood by arguing that the "effective 
core" containine the nucleus with the first Q - 1 electrons 
becomes larger with increasing Q. The energy levels there- 
fore become more closely spaced, which is manifested in a 
smaller effective quantum number. Along these lines we can 
understand the observation that n'ln decreases with in- 
creasing n (e.g.,for Li, n = 2, n* = 1.98, while for Na, n =3, n* 
is 2.861, and that in the first three rows of the periodic table 
n* decreases monotonically with Q. For potassium, no in- 
crease in n* is observed, even though n has increased from 3 
to 4. In~tead~thevalues  of n* seem to continue the trend of 
the third row elements. A jump in n' to above 3 is observed 
only a t  the copper series (Q = 29), where the electronic 
configuration is 3d104s1. This is in line with the fact that up 
to copper, the lower lying 3d orbitals are being filled. Only 

when Q = 29 is a "truly" 4s atom being ionized. A similar 
effect is observed for the fifth-row elements, where there is a 
sudden increase in n* for the silver series (Q = 471, whose 
electronic confieuration is 4d'Q5s1. 

Finally, let usturn attention to the question of determin- 
ing electron affinities (EA). Already Glockler (6) has sue- 
geked to use the fit the isoelec~onic seriesin order to 
determine EA's by extrapolating to Z = Q - 1. For example, 
the EA of fluorine would be determined from extrapolating 
the Neon series (Q = 10) to Z = 9. I t  is quite difficult to 
obtain accurate EA values in this way since one is attempt- 
ing to determine small numbers from the extrapolation of 
verv laree numbers. One must therefore use a verv accurate 
fit to tee first few IP's in a series. We find th& the best 
aereement with exoerimental EA's (10) is obtained bv fitting 
eq 2 to the first 4 ~P 'S in each series: the results are collectd 
in Table 2. The calculated values are always somewhat 
smaller (0.P0.5 eV) than the experimental, so that by add- 
ing a constant to the calculated values reasonable estimates 
of EA's may be obtained. This extrapolation is generally not 
reliable outside the first three rows in the periodic table. 

We conclude that a treatment of IP's of isoelectronic at- 
oms somewhat more quantitatively than in most chemistry 
textbooks is indeed informative. The single-electron picture, 
eq 1, furnishes interesting observations regarding the trends 
in the screening and effective quantum-number parameters. 
The role of any real theory is to explain more fully these 
observed trends. 
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Mnemonic for Zand E Nomenclature 
1" ~ ~ a t ~ m a t i r  nnmenrlatnre the letters Z and E are used for soeeifvine the confiwations of wometrical isomers. Z is ~. . ~ ~ .  ~ ~ ~ - ~~~~~~ ~ ~ ~ . , "  " - 

the first lrtwr of the Cerman word Zu.,ammm, which means "together" and this is interpreted as meaning "on the same 
side". Similnrly.Eis the first letter of Entgegen, whirh meansUoppusitr" undencood tomean"un oppositesides". Zand E 
are used with reference to the ligands of highest atomic number priority. Thus the maleic and furnaric acids are ZandE iso- 
mers, respectively. 

H 

\ C d H  

HOOC ' ''COOH 

Maleic Acid 
z 

"\c,/"" 
HOOC ' \H 

Fumarie Acid 
E 

If the German words can be memorized, it is eanily deduced that maleir arid is the Z isomer because zuSAMmEn contains 
paru: 01' che English word Same. As an additional memory aid, we ran observe that the shapes of the letten 2 and E 
themselves, rewritten as 

-L and E 
imply the reverse of the correct configurations. Using the latter method it is not necessaryto memorize the German words. 
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