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THE ATOMIC SPECTRUM OF HYDROGEN

When atoms are excited, either in an electric discharge or with heat, they tend to give off light.
The light is emitted only at certain wavelengths that are characteristic of the atoms in the
sample. These wavelengths constitute what is called the atomic spectrum of the excited
element and reveal much of the detailed information we have regarding the electronic struc-
ture of atoms. ‘ :

Atomic spectra are interpreted in terms of quantum theory. According to this theory,
atoms can exist only in certain states, each of which has an associated fixed amount of energy.
When an atom changes its state, it must absorb or emit an amount of epergy that is just equal
to the difference between the energies of the initial and final states. This energy may be
absorbed or emitted in the form of light. The emission spectrum of an atom is obtained when
excited atoms fall from higher to lower energy levels. Since there are many such levels, the
atomic spectra of most elements are very complex. '

Light is absorbed or emitted by atoms in the form of photons, each of which has a specific
amount of energy, €. This energy is related to the wavelength of light by the equation

E =

M

hc
photon T
where h is Planck’s constant, 6.62608 X 107 joule seconds, c¢ is the speed of light,
2.997925 X 108 meters per second, and A is the wavelength, in meters. The energy €, is in
joules and is the energy given off by one atom when it jumnps from a higher to a lower energy
level. Since total energy is conserved, the change in energy of the atom, Ae,,,,, must equal
the energy of the photon emitted:

AE“m = Ephuton ' ' (2)

where A€, is equal to the energy in the upper level minus the energy in the lower one.
Combining Equations 1 and 2, we obtain the relation between the change in energy of the
atom and the wavelength of light associated with that change:

hc
Aeal.um = €upper — Clower €photen. HA._ ) : (3)

_The amount of energy in a photon given off when an atom makes a transition from one
‘level to another is very small, of the order of 1 X 10~" joules. This is not surprising since,
after all, atoms are very small particles. To avoid such small numbers, we will work with one
mole of atoms, much as we do in dealing with energies involved in chemical reactions. To do
this we need only to multiply Equation 3 by Avogadro’s number, N:

Let

Nhc

NAe = AE = NEupper - Nelower = Euppm’ - Elower = T

™




Substituting the values for N, k, and ¢, and expressing the wavelength in nanometers rather
than meters (1 meter = 1 X 10° nanometers), we obtain an equation relating energy change
in kilojoules pcr mole of atoms to the wavelength of photons associated with such a change:

6.02214 X 102 X 6.62608 X 1073 J sec X 2.997925 X 108 m/sec

AE = A Ginom)
1 X 10° nm 1k
X X
Tm 10007
119627 X 10° kI fmole 119627 X 108
= — = Al =
AE = Euppee = Eiowe X (in nm) or Al = A oy

Equatlon 4 is useful in the interpretation of atomic spectra. Say, for example, we study the
atomic spectrum of sodium and find that the wavelength of the strong yellow line is
589.16 nm (see Fig. 10.1). This line is known to result from a transition between two of the
three lowest levels in the atom. The energies of these levels are shown in the figure, To make
the determination of the Jevels which give rise to the 589.16 nm line, we note that there are
three possible transitions, shown by downward arrows in the figure. We find the wavelengths
associated with those transitions by first calculating AE (E,,. — Ejgye ) for each transition.
Knowing AE we calculate A by Equation 4. Clearly, the II — T transition is the source of the
yellow line in the spectrum.

The simplest of all atomic spectra is that of the hydrogen atom. Tn 1886 Balmer showed
that the lines in the spectrum of the hydrogen atom had wavelengths that could be expressed
by a rather simple equation. Bohr, in 1913, explained the spectrum on a theoretical basis with
his famous model of the hydrogen atom. According to Bohr's theory, the energics allowed to
a hydrogen atom are given by the equation

.....B .
&= ©
where B is a constant predicted by the theory and »n is an integer, 1, 2, 3, . . . , called a

quantum number. It has been found that all the lines in the atomic spectrum of hydrogen can
be associated with energy levels in the atom which are predicted with great accuracy by
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FIGURE 10.1 Calculation of wavelengths of spectral lines from energy levels of the sodium atom.
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Bohr’s eguation. When we write Equation 5 in terms of a mole of H atoms, and substitute the
numerical value for B, we obtain

E, = :w kilojoules per mole, n :Lﬁ (6)
n

Using Equation 6 you can calculate, very accurately indeed, the energy levels for hydrogen.
Transitions between these levels give rise to the wavelengths in the atomic spectrum of
hydrogen. These wavelengths are also known very accurately. Given both the energy levels
and the wavelengths, it is possible to determine the actual levels associated with each wave-
length. In this experiment your task will be to make determinations of this type for the
observed wavelengths in the hydrogen atomic spectrum that are listed in Table 10.1.

Experimental Procedure

There are several ways we might analyze an atomic spectram, given the energy levels of the
atom involved. A simple and effective method is to calculate the wavelengths of some of the
lines arising from transitions between some of the lower energy levels, and see if they match
those that are observed. We shall use this method in our experiment. All the data are good to at
least five significant figures, so by using electronic calculators you should be able to make
very accurate determinations.

A. Calculations of the Energy Levéls of the Hydrogen Atom

Given the expression for E, in Equation 6, it-is possible to calculate the energy for each of the
allowed levels of the H atom starting with n = 1. Using your calculator, calculate the energy
in kJ/mole of each of the 10 lowest levels of the H atom. Note that the energics are all
new:*e, so that the lowest energy will have the largest allowed negative value. Enter these
vaiue, in the table of energy levels, Table 10.2. On the energy level diagram provided, plot
along the y axis each of the six lowest energies, drawing a horizontal line at the allowed level
and writing the vafue of the energy alongside the line near the y axis. Write the quantum
number associated with the level to the right of the line.

The Energy Levels of the Hydrogen Atom

Energies are to be calculated from Equation 6 for the 10 lowest energy states.

Table 102 S siy ’P-gﬁ
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b -hpo 6 Ryl

2 ~2%.0| ST TG

-145.71% 14 - —d0.50|

D
a —%2.009 q ~16. 1%
5 ~5.14%3 ] o -R.\30

o0 O



The Atomic Spectrum of Hydrogen

Energy Level Diagram
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B. Calculaljon of the Wavelengths of the Lines in the Hydrogen Spectrum

The lines in the hydrogen spectrum all arise from jumps made by the atom from one energy
level to another. The wavelengths in nm of these lines can be calculated by Equation 4, where
AE is the difference in energy in ki/mole between any two allowed levels. For example, to
find the wavelength of the spectral line agsociated with a transition from the n = 2 level to the
n = 1 level, calculate the difference, AE, between the energies of those two levels. Then
substitute AE into Equation 4 to obtain this wavelength in nanometers.

Using the procedure we have outlined, calculate the wavelengths in nm of all the lines we
have indicated in Table 10.3. That is, calculate the wavelengths of all the lines that can arise
from transitions between any two of the six lowest levels of the H atom. Enter these values in
Table 10.3.

- Calenlation of Wavelengths in the Spectrum of the H Atom

In the upper half of each box write AE, the difference in energy in kJ/mole between E"m and
E, .. In the Jower half of the box, write A in nm associated with that value of AE.

Table 10.3 ;
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C. Assignment of Observed Lines in the Hydrogen Spectrum

Compare the wavelengths you have calculated with those listed in Table 10.1. If you have
made your calculations properly, your wavelengths should match, within the error of your
calculation, several of those that are observed. On the line opposite each wavelength in Table
10.1, write the quantum numbers of the upper and lower states for each line whose origin you
can recognize by comparison of your calculated values with the observed values. On the
energy level diagram, draw a vertical arrow pointing down (light is emitted, AE < 0) be-
tween those pairs of levels that you associate with any of the observed wavelengths. By each
atrow write the wavelength of the line originating from that transition. .

There are a few wavelengths in Table 10.1 that have not yet been calculated. Enter those
wavelengths in Table 10.4. By assignments already made and by ar examination of the
transitions you have marked on the diagram, deduce the quantum states that are likely to be
associated with the as yet unassigned lines. This is perhaps most easily done by first calculat-
ing the value of AE, which is associated with a given wavelength. Then find two values of E,,
whose difference is equal to AE. The quantum numbers for the two E, states whose energy
difference is AE will be the ones that are to be assigned to the given wavelength. When you
have found n,; and m,, for a wavelength, write them in Table 10.1 and Table 10.4; continue
until all the lines in the table have been assigned. :

Table 10.1 Some Wavelengths (in nm) in the Spectrum of the
Hydrogen Atom as Measured in a Vacuum

Assignment Assigniment Assignment
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List below any wavelengths you cannot yet assign.
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Measuring the Wavelength of Light Waves by Diffraction
Experimental Data:

D. The Balmer Series

This is the most famous series in the atomic spectrum of hydrogen. The lines in this series are
the only ones in the spectrum that occur in the visible region. Your instructor may have a
bydrogen source fube and a spectroscope with which you may be able to observe some of the
lines in the Balmer series. In the Data and Calculations section are some questions you should
answer relating to this series.

When light is incident upon a diffraction grating, it is diffracted by
.the slits in the grating. An interference pattern similar to the patterns
‘you observed in Investigation 28, Diffraction and Interference of Waves, -

- results, As you look through the grating, you will see the spectrum of
the source to the right and left of the position of the source. The spec-
trum will consist of several lines of different-colored light.

In Figurs 36-1, the light incident upon the grating is diffracted by the
slits in the grating. The lines of colored light you observe are due to the
constructive interference or reinforcement of the light waves. These lines
of reinforcement are lines along which light waves from adjacent slits
are in phase. In between these lines, the light waves are out of phase
and cancel. '

High voltage source and discharge tube

Polnter
Meter sticks

Flgure 36-1, Apparatus for measuring wavelength. The high voltage source excltes
the atoms of gas In the discharge tube. The exclted atoms emit a characteristic line
spectrum. The spectrum |s observed by means of a diffraction grating which makes
use of the Interference of waves so that each wavelength of light Is relnforced at a
partlcular distanca from the center of the interference pattern. By measuring this
distance and the distance between the grating lInes, It |s posslble to calculate the
wavelength of the light emitted trom the source.

Coneider the two slits A and B. The length of the path from B to the
eye is one wavelength (A) longer than the length of the path from A to
the eye. The path difference (A) is much too small to be measured direct-
ly. However, the triangle formed by the sides DLx is similar to the triangle
dAb {two sides mutually perpendicular end one included angle heing
equal). The sides-x and L are measurahle along the meter sticks. From
this you can find angle &

X
= = tangent §
L .

By measuring x and L and calcﬁlating the tangent of 8, you can look up
the sine of 6. In the small triangle dib,

LR
d
and so,
' A = d sin 8.

You will use this eqﬁation to find the wavelengths of the light emitted
by your source. -
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1. When Balmer found his famous series for hydrogen in 1886, he was limited experimen-
tally to wavelengths in the visible and near ultraviolet regions from 250 nm to 700 nm, so
all the lines in his series lie in that region. On the basis of the entries in Table 10.3 and the
fransitions on your energy level diagram, what common characteristic do the lines in the

Balmer Series have? 'TL.,I . m\‘- » _w'_ \ﬁ.s'-\\\e l&\"l‘ ( .

What would be the longest possible wavelength for a line in the Balmer series?

R Ca = L2 L e WA S
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What would be the shortest possible wavelength that a line in the Balmer series could
have? Hint: What is the largest possible value of AE to be associated with a line in the
Balmer series?

~ 291.0 4,
Lowgst-A€ = 29105 Hoa

J A=_ "7 _nm
'amc.r“"/-,sﬁ-

Fundamentally, why would any line in the hydrogen spectrum between 250 nm and
700 nm belong to the Balmer series? Hint: On the energy level diagram note the range of
possible values of AE for transitions to the n = 1 level and to the n = 3 level. Could a
spectral line involving a transition to the n = 1 level have a wavelength in the range
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The lonization Energy of Hydrogen

2. Inthe normal hydrogen atom the electron is in its lowest energy state, which is called the
ground state of the atom. The maximum electronic energy that a hydrogen atom can have
is (0 kJ/mole, at which point the electron would essentially be removed from the atom and
it would become a H* ion. How much energy in kilojoules per mole does it take to ionize
an H atom? '

NE:E,-E = ©- 6‘3‘3":&&\
_ ‘ \3__\) '_O_ kI/mole

The ionization energy of hydrogen is often expressed in units other than kJ/mole. What
would it be in joules per atom? in electron volts per atom? (1 ev = 1.602 X 101 1)

s

J/atom; _.& ev/atom
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Advance Study Assignment: The Atomic Spectrum of Hydrogen

1. The helium ion, He*, has energy levels similar to those of the hydrogen atom, since both

~ species have only one electron. The energy levels of the He* ion are given by the
equation

5248.16

E,=—
n n2

kifmole n=1,2,3, ...

a. Calculate the energies in kI/mole for the four lowest energy levels of the He* ion.

-S8.16 - SH6.lo } _
S c _?3‘5—“ E = ﬁ_'&_ kJ/mole
' — -\30.0
,Satttl@ ..S'}‘ﬁat(‘ E,= A\~ KkT/mole
J g’ E,= "8 ik

E,= =580l kJ/mole
.




b. One of the most important transitions for the He™ ion involves a jump from then =2
to the n = 1 level. AE for this transition equals E, — E,, where these two energies are
obtained as in Part 2. Find the value of AE in ki/mole. Find the wavelength in nm of
the line emitted when this transition occurs; use Equation 4 to make the calculation.
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1n the upper half of each box write AE, the difference in energy in ki/mole between E,,_ and

E,. . In the lower half of the box, write A in nm associated with that value of AE.
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c. Three of the strongest lines in the He™ jon spectrum are observed at the following
wavelengths: (1) 121.57 nm; (2} 164.12 nm; (3) 468.90 nm. Find the quantum num-
bers of the initial and final states for the transitions that give rise to these three lines.
Do this by calculating, using Equation 4, the wavelengths of lines that can originate
from transitions involving any two of the four lowest levels. You calculated one such
wavelength in Part b. Make similar calculations with the other possible pairs of levels.
When a calculated wavelength matches an observed one, write down ny; and n,, for
that lirie. Continue until you have assigned all three of the lines. :

o4 -9 0 222 gt 3
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MAJOR ASPECTS OF THE BOHR MODEL OF ATOMIC STRUCTURE
(Based Upon the Hydrogen Atom)

1. The electron is held in the region of empty space within the atom by the
electrostatic force of attraction between it and the positively charged nucleus
(Coulomb's Law is obeyed).

2. The path of the electron is circular. The electron experiences a centripetal force
equal to the electrostatic force (Newton's Laws hold).

3. - The electron possesses angular momentum (mvr) which is quantized in units of
(h)/(2). This is a key assumption without justification (except that it works).

4, Only certain orbits are possible, as a result of the above assumption. The radius
of the orbits can assume only certain values which Bohr could calculate.
R = (5.29 x 10-1")N2 meters

- B, Each allowable orbit represents a specific energy state for the electron which Bohr
could calculate. ,
En = (-1312.0 kd/mol)/N2

6. Each successive orbit represents a state of higher energy than the one beneath fit.
The smallest orbit in the hydrogen atom represents the lowest possible energy
state for the atom (N = 1). This is called the ground state.

7. By absorbing a "quantum" of energy the electron can "jump" from the ground state
to an orbit of higher energy. The atom is said to be in the excited state.
AE=Eyi- Ep
8. When the electron "jumps" back to an orbit of lower energy, a "quantum” of energy

is emitted as light. The wavelength of the light can be calculated.
A =(1.19627 x 10° kJ nm/mol)/AE

9. Each line in the hydrogen spectrum corresponds to a particular “jump" the
electron makes between one orbit and ancther.
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