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Spring 2007

Lecture 5.2 (07)

THERMAL ENERGY (2)

We descobed the specific heat capacity, which relates the heating of 2 substance to it=
temperatore rize. Aolecolar mbmtons: and the kinetic enerpr of molecules finng arcund m a pas are
responsble for tis ‘microscopic’ enerey we call "heat”. Count Rumford's expenment attempted to
measure the ‘mechanical eqmralent of heat” long before undesstanding of atoms= and molecoles had
been achieved. Thus we could calenlate the average speed of molecules of air arcund oz simply by
Enomang how much s temperatore nzes for a grren heat mput (assuming the Sdeal gas” model winch
wenores molecolar mbrations). Another inmght into the nano-wodd of molecules comes from a
mmple lab experiment measunng the equation of state of air. Its pre'=f.ure,P volome, v, and
temperatoee, T, are connected by Pr = aR- T. If vou oze a glass syonge (see below) and flack to hold
a volume of air, heating the flazk az shown will EI.Fiﬂd the air at constant pressoge [The A PLEITDIE
of the ]ab 15 pushing on the movable part of the stonee winch moves to the left 2z air expands).

Fig. % Experimintal seup for slidyiog (he e abere-viduin® i lason of
an bleal gae. Am oaic-Glled Mok is cobmseped inoa beaker of waler thal 1=
beated with a bt plale. A fexible fube joins the flask %o a glass syringe.

(Juackran, Am J. Physicr 2004)

The plot below (left) shows how the volome air vares with it temperature. Just as the eguation says,
1t 15 3 straipht hne But the remasieable thine 15 that voo can extrapolate the bne to the left to whese
the air would ocecopr infinitessmal volume. This grves v: 2 measurement [or prediction) of the
temperatore we call gkrebaor zew. In tus parhenlar expenment the smomber came oot to be -267°C,
which 15 quate cloze to the m-:ept&-i valoe, -273.15°C or 0FC  Close to absolute zerc meolecules slow
down and many cunous properhes appear, kike superconductinty (electneal conductimty wmith no
ohmic resistance] and superflnid propertr that the miscosity vamishes. . the floid has no friction
forces. These propertes make pozsible remarkable, practical devices ke super-magners, mag-lev
trains, frictionless floid fow and quantized vortes motion. The nghthand curve below 15 zimple
Pr=constant relation for ;sothesmal . constant tempematore. . compreszion of ar
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PHASE CHANGE (*CHANGE OF STATE’)

A substance like water can emst in sobd, hqod or ga=zeous form. Intermolecolar forces, particolarhy
the hydrogen bonds related to the molecole H:O, hold molecules i a2 apxd crystal lathee when it 15
solid ice. The shape of the molecule favors a six-sided ecystal, which dictates the symmetey found in
snowilakes (the mecroscopic shapes combine to make the wisible crystal). This symmetsy comes
from the shape of the warer molecule, a= we =2 m the next parasraph.

Hydrogen is the simplest atom of all...a positively charged proton with a
negatively charged electron orbiting around it like the moon around the Earth. The water
molecule has its 2 hydrogen atoms connected to its 1 oxygen atom with a ‘dog-leg’ angle
of 104.5". The size of each leg of the water molecule is about 0.2 x 10° m which is
smaller than the size of a hydrogen atom by itself (the diameter of the electron orbit is
about 0.5 x 10° m). The electronegativity of oxygen is extremely high...it is an electron
eater...and so the one electron orbiting each hydrogen atom is pulled toward the oxygen
atom, leaving the hydrogen atoms as ‘naked protons' at each end of the molecule. This
means that water is a ‘polar molecule, with its ends positively charged and its center
negatively charged. Two water molecules are attracted to one another by these charges
(sort of nose-to-tail. . .the ends of one molecule being attracted to the center of another).
Water is very unusual, and a key substance for life on Earth. This polar property is one
reason. The hydrogen bonds between water molecules are about 1 to 2 KJfmol which is
fully 5% as strong as a typical covalent bond within a single molecule. . .this is pretty
strong. Sirong inter-molecular forces mean that molecules of solid water (ice) are hard
to pull apart...the melting point of ice is higher than for other substances of similar
molecular weight. Likewise the liquid is hard to pull apart to make gaseous water.._water
vapor. Thus the boiling point of water is higher than expected for similar compounds.
The figure below shows oxygen (red) and hydrogen (white) atoms in liquid water (left)
and ice {right). The 104.5° angle is visible, in each molecule. and the atfraction between
molecules. .. the hydrogen bond...is apparent in the way they sit relative to one another.

We come to think of phase change



The hexagonal (6 sided) shape of the ice structure and 6-fold symmetry of
snowflakes comes from the 104.5° angle of the H.O molecule.. which is close enough to

the 120° angles inside a hexgon.

Water and Ice Structures:
| | hydrogen bond
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water: clusters linked by ice: open network
H-bonds held by H-bonds
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When heated, molecular mbrations loozen these bonds and the hiouid state sull involves hrdropen
bonds, bot wathout riged ceder. Fuorther heating break= the molecoles far apart, into a gas with larpe
separation betoreen molecules. Each tran=ition, meltne or boding, requires an mpuot of thermal
enerpr to break the bonds= (that 1= the potential enerpr stored i the bond forces). When we heat sce
1t= temperature mereases steadily unnl it start= to melt. at whech ttme most o all of the heatne poes



