CORE PRINCIPLES OF PHYSICAL CHEMISTRY

THE CORE PRINCIPLES OF PHYSICAL CHEMISTRY ARE FUNDAMENTAL TO UNDERSTANDING THE BEHAVIOR OF MATTER AND ENERGY
AT THE ATOMIC AND MOLECULAR LEVEL. THIS FASCINATING FIELD BRIDGES THE GAP BETWEEN PHYSICS AND CHEMISTRY,
PROVIDING THE THEORETICAL FRAMEWORK FOR COUNTLESS SCIENTIFIC ADVANCEMENTS. W/E'LL DELVE INTO THE ESSENTIAL LAWS
AND THEORIES THAT GOVERN CHEMICAL SYSTEMS, EXPLORING HOW THERMODYNAMICS DICTATES ENERGY TRANSFER, HOW
QUANTUM MECHANICS EXPLAINS ATOMIC AND MOLECULAR STRUCTURE, AND HOW KINETICS DESCRIBES THE RATES OF CHEMICAL
REACTIONS. FURTHERMORE, WE WILL EXAMINE THE PRINCIPLES OF SPECTROSCOPY, WHICH ALLOWS US TO PROBE MOLECULAR
IDENTITIES, AND THE ROLE OF STATISTICAL MECHANICS IN CONNECTING MICROSCOPIC PROPERTIES TO MACROSCOPIC
OBSERVATIONS. PREPARE TO GAIN A COMPREHENSIVE OVERVIEW OF THESE FOUNDATIONAL PILLARS THAT UNDERPIN MODERN
CHEMISTRY.
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THERMODYNAMICS: THE SCIENCE OF ENERGY AND ITS TRANSFORMATIONS

THERMODYNAMICS IS ARGUABLY THE BEDROCK OF PHYSICAL CHEMISTRY, CONCERNED WITH ENERGY AND ITS TRANSFORMATIONS
IN ALL THEIR FORMS. |T PROVIDES A MACROSCOPIC VIEW OF CHEMICAL PROCESSES, FOCUSING ON MEASURABLE PROPERTIES LIKE
TEMPERATURE, PRESSURE, VOLUME, AND ENERGY. AT ITS HEART ARE THE FAMOUS LAWS OF THERMODYNAMICS, WHICH ARE NOT
JUST PRINCIPLES BUT RATHER FUNDAMENTAL OBSERVATIONS ABOUT THE UNIVERSE. THINK OF IT AS THE UNIVERSAL ACCOUNTING
SYSTEM FOR ENERGY — ENERGY CAN NEVER BE CREATED OR DESTROYED, ONLY CHANGED FROM ONE FORM TO ANOTHER. THIS HAS
PROFOUND IMPLICATIONS FOR WHETHER A PROCESS WILL OCCUR SPONTANEOQUSLY OR REQUIRES AN INPUT OF ENERGY.

THE LAWS OF THERMODYNAMICS

THE FIRST LAW OF THERMODYNAMICS, THE LAW OF CONSERVATION OF ENERGY, STATES THAT THE TOTAL ENERGY OF AN
ISOLATED SYSTEM REMAINS CONSTANT. IN SIMPLER TERMS, ENERGY CANNOT BE CREATED OR DESTROYED, ONLY TRANSFERRED OR
CHANGED IN FORM. THIS IS CRUCIAL FOR UNDERSTANDING CHEMICAL REACTIONS AND PHYSICAL PROCESSES, AS WE TRACK THE
ENERGY INPUTS AND OUTPUTS. FOR INSTANCE, WHEN FUEL BURNS, THE CHEMICAL ENERGY STORED WITHIN IT IS CONVERTED INTO
HEAT AND LIGHT, NOT LOST TO THE ETHER.

THE SECOND LAW OF THERMODYNAMICS INTRODUCES THE CONCEPT OF ENTROPY, OFTEN DESCRIBED AS A MEASURE OF DISORDER
OR RANDOMNESS IN A SYSTEM. THIS LAW DICTATES THAT IN ANY SPONTANEOUS PROCESS, THE TOTAL ENTROPY OF THE
UNIVERSE TENDS TO INCREASE. THIS MEANS THAT SYSTEMS NATURALLY MOVE TOWARDS A STATE OF GREATER DISORDER,
WHICH IS WHY A PERFECTLY ORGANIZED DECK OF CARDS WILL INEVITABLY BECOME SHUFFLED OVER TIME, OR WHY HEAT FLOWS
FROM A HOT OBJECT TO A COLD ONE, NEVER THE REVERSE SPONTANEOUSLY. (UNDERSTANDING ENTROPY IS KEY TO PREDICTING
THE FEASIBILITY AND DIRECTION OF CHEMICAL REACTIONS.

THE THIRD LAW OF THERMODYNAMICS DEALS WITH ABSOLUTE ZERO TEMPERATURE, STATING THAT THE ENTROPY OF A PERFECT
CRYSTAL AT ABSOLUTE ZERO (O KELVIN) IS ZERO. WHILE ACHIEVING ABSOLUTE ZERO IS PRACTICALLY IMPOSSIBLE, THIS LAW
PROVIDES A REFERENCE POINT FOR ENTROPY MEASUREMENTS AND HELPS US UNDERSTAND THE BEHAVIOR OF MATTER AT
EXTREMELY LOW TEMPERATURES.



Key THeErMODYNAMIC CONCEPTS

o ENTHALPY: ENTHALPY (H) IS A MEASURE OF THE TOTAL HEAT CONTENT OF A SYSTEM AT CONSTANT PRESSURE.
CHANGES IN ENTHALPY ($\DELTA H$) TELL US WHETHER A REACTION RELEASES HEAT (EXOTHERMIC, $\DELTA H$ < 0)
OR ABSORBS HEAT (ENDOTHERMIC, $\DELTA H$ > 0).

o GIBBS FREE ENERGY: GiBBS FREE ENERGY (G) IS A THERMODYNAMIC POTENTIAL THAT CAN BE USED TO CALCULATE THE
MAXIMUM AMOUNT OF REVERSIBLE WORK THAT MAY BE PERFORMED BY A THERMODYNAMIC SYSTEM AT CONSTANT
TEMPERATURE AND PRESSURE. THE CHANGE IN GIBBS FREE ENERGY ($\DELTA G$) IS THE ULTIMATE CRITERION FOR
SPONTANEITY. IF $\DELTA G$ < O, THE PROCESS IS SPONTANEOUS: IF $\DELTA G$ > O, IT IS NON-SPONTANEOUS AND
IF $\DELTA G$ = O, THE SYSTEM IS AT EQUILIBRIUM.

¢ EQuUILIBRIUM: CHEMICAL EQUILIBRIUM IS A STATE WHERE THE RATES OF FORWARD AND REVERSE REACTIONS ARE EQUAL,
RESULTING IN NO NET CHANGE IN THE CONCENTRATIONS OF REACTANTS AND PRODUCTS. THERMODYNAMICS HELPS US
PREDICT THE POSITION OF THIS EQUILIBRIUM.

QUANTUM MEecHANICS: UNVEILING THE MicRoscoPIC \WORLD

MOVING FROM THE MACROSCOPIC WORLD OF THERMODYNAMICS, QUANTUM MECHANICS PLUNGES US INTO THE BIZARRE AND
FASCINATING REALM OF ATOMS AND SUBATOMIC PARTICLES. IT'S THE THEORY THAT GOVERNS THE BEHAVIOR OF MATTER AND
ENERGY AT THE SMALLEST SCALES, WHERE CLASSICAL PHYSICS BREAKS DOWN. QUANTUM MECHANICS EXPLAINS WHY ATOMS
ARE STABLE, HOW CHEMICAL BONDS FORM, AND THE UNIQUE PROPERTIES OF DIFFERENT ELEMENTS. |T°S WHERE WE ENCOUNTER
CONCEPTS LIKE WAVE-PARTICLE DUALITY AND THE UNCERTAINTY PRINCIPLE, WHICH FUNDAMENTALLY ALTER OUR
UNDERSTANDING OF REALITY.

¥ AVE-PARTICLE DUALITY

ONE OF THE MOST COUNTERINTUITIVE IDEAS IN QUANTUM MECHANICS IS WAVE-PARTICLE DUALITY, WHICH SUGGESTS THAT ALL
MATTER AND ENERGY EXHIBIT BOTH WAVE-LIKE AND PARTICLE-LIKE PROPERTIES. ELECTRONS, FOR EXAMPLE, CAN BEHAVE AS TINY
PARTICLES WITH MASS AND CHARGE, BUT THEY ALSO EXHIBIT WAVE-LIKE BEHAVIOR, SUCH AS DIFFRACTION AND INTERFERENCE.
THIS DUALITY IS DESCRIBED MATHEMATICALLY BY THE SCHR DINGER EQUATION, A CORNERSTONE OF QUANTUM CHEMISTRY.

ATOMIC AND MOLECULAR ORBITALS

INSTEAD OF WELL-DEFINED ORBITS LIKE PLANETS AROUND THE SUN, ELECTRONS IN ATOMS OCCUPY REGIONS OF SPACE CALLED
ATOMIC ORBITALS. THESE ORBITALS ARE DESCRIBED BY PROBABILITY DISTRIBUTIONS, MEANING WE CAN ONLY DETERMINE THE
LIKELIHOOD OF FINDING AN ELECTRON IN A PARTICULAR LOCATION. MOLECULAR ORBITALS ARE FORMED WHEN ATOMIC ORBITALS
COMBINE, DESCRIBING THE DISTRIBUTION OF ELECTRONS IN MOLECULES AND THE NATURE OF CHEMICAL BONDS. UNDERSTANDING
THESE ORBITALS IS CRUCIAL FOR PREDICTING MOLECULAR GEOMETRY AND REACTIVITY.

QUANTIZATION OF ENERGY

A KEY PRINCIPLE OF QUANTUM MECHANICS IS THE QUANTIZATION OF ENERGY. THIS MEANS THAT ENERGY CAN ONLY EXIST IN
DISCRETE PACKETS, OR QUANTA, RATHER THAN IN A CONTINUOUS SPECTRUM. ELECTRONS IN ATOMS CAN ONLY OCCUPY SPECIFIC
ENERGY LEVELS, AND TRANSITIONS BETWEEN THESE LEVELS INVOLVE THE ABSORPTION OR EMISSION OF PHOTONS WITH PRECISE



ENERGIES. THIS PRINCIPLE EXPLAINS THE UNIQUE SPECTRAL LINES OBSERVED FOR EACH ELEMENT, A PHENOMENON EXPLOITED IN
SPECTROSCOPY.

CHeMicAL KINETICS: THE DYNAMICS oF REACTION RATES

W/HILE THERMODYNAMICS TELLS US WHETHER A REACTION CAN HAPPEN, CHEMICAL KINETICS TELLS US HOW FAST IT WILL
HAPPEN. THIS BRANCH OF PHYSICAL CHEMISTRY FOCUSES ON THE STUDY OF REACTION RATES AND THE FACTORS THAT
INFLUENCE THEM. UNDERSTANDING REACTION MECHANISMS — THE STEP-BY-STEP PATHWAYS THROUGH WHICH REACTIONS OCCUR
= IS A CENTRAL GOAL OF KINETICS. IT’S LIKE UNDERSTANDING NOT JUST THAT YOU CAN TRAVEL FROM POINT A TO POINT B,
BUT HOW QUICKLY YOU’LL GET THERE AND WHAT STOPS OR SPEEDS YOU UP ALONG THE WAY.

RATE LAWS AND REACTION ORDERS

RATE LAWS ARE MATHEMATICAL EXPRESSIONS THAT RELATE THE RATE OF A REACTION TO THE CONCENTRATIONS OF
REACTANTS. THE ORDER OF A REACTION WITH RESPECT TO A PARTICULAR REACTANT INDICATES HOW SENSITIVE THE REACTION
RATE IS TO CHANGES IN THE CONCENTRATION OF THAT REACTANT. FOR EXAMPLE, A FIRST-ORDER REACTION'S RATE IS DIRECTLY
PROPORTIONAL TO THE CONCENTRATION OF ONE REACTANT, WHILE A SECOND~-ORDER REACTION'S RATE MIGHT DEPEND ON THE
SQUARE OF ONE REACTANT'S CONCENTRATION OR THE PRODUCT OF TWO REACTANTS' CONCENTRATIONS.

ACTIVATION ENERGY AND REACTION MECHANISMS

CHEMICAL REACTIONS REQUIRE A CERTAIN AMOUNT OF ENERGY TO GET STARTED, KNOWN AS THE ACTIVATION ENERGY ($E_A$)
THIS ENERGY BARRIER MUST BE OVERCOME FOR REACTANT MOLECULES TO TRANSFORM INTO PRODUCTS. CATALYSTS WORK BY
LOWERING THE ACTIVATION ENERGY, THEREBY INCREASING THE REACTION RATE. REACTION MECHANISMS ARE PROPOSED
SEQUENCES OF ELEMENTARY STEPS THAT DESCRIBE HOW REACTANTS ARE CONVERTED TO PRODUCTS. EACH STEP IN A
MECHANISM HAS ITS OWN RATE, AND THE OVERALL RATE OF THE REACTION IS OFTEN DETERMINED BY THE SLOWEST STEP, KNOWN
AS THE RATE-DETERMINING STEP.

FAcTOrRSs AFFECTING REACTION RATES

o CONCENTRATION: HIGHER CONCENTRATIONS OF REACTANTS GENERALLY LEAD TO FASTER REACTION RATES BECAUSE
THERE ARE MORE FREQUENT COLLISIONS BETWEEN REACTANT MOLECULES.

® TEMPERATURE: INCREASING THE TEMPERATURE USUALLY INCREASES THE REACTION RATE BECAUSE MOLECULES HAVE MORE
KINETIC ENERGY, LEADING TO MORE FREQUENT AND MORE ENERGETIC COLLISIONS.

e SURFACE AREA: FOR REACTIONS INVOLVING SOLIDS, INCREASING THE SURFACE AREA (E.G., BY GRINDING A SOLID INTO A
PO\X/DER) INCREASES THE REACTION RATE BY PROVIDING MORE SITES FOR REACTION.

o CATALYSTS: CATALYSTS ARE SUBSTANCES THAT SPEED UP REACTIONS WITHOUT BEING CONSUMED IN THE PROCESS.
THEY ACHIEVE THIS BY PROVIDING AN ALTERNATIVE REACTION PATHWAY WITH A LOWER ACTIVATION ENERGY.



SPECTROSCOPY: ILLUMINATING MOLECULAR STRUCTURE AND BEHAVIOR

SPECTROSCOPY IS A POWERFUL SET OF TECHNIQUES USED TO STUDY THE INTERACTION BETWEEN MATTER AND
ELECTROMAGNETIC RADIATION. BY ANALYZING HOW MOLECULES ABSORB, EMIT, OR SCATTER LIGHT OF DIFFERENT WAVELENGTHS,
WE CAN GAIN INCREDIBLY DETAILED INFORMATION ABOUT THEIR STRUCTURE, COMPOSITION, AND DYNAMICS. IT°S LIKE USING A
SPECIFIC FLASHLIGHT TO SEE DIFFERENT PARTS OF A MOLECULE, EACH WAVELENGTH REVEALING A UNIQUE CHARACTERISTIC.

TYPES OF SPECTROSCOPY

THERE ARE NUMEROUS SPECTROSCOPIC TECHNIQUES, EACH SENSITIVE TO DIFFERENT MOLECULAR PROPERTIES. FoRr INSTANCE:

UV-VisiBLE SPECTROSCOPY: THIS TECHNIQUE PROBES ELECTRONIC TRANSITIONS WITHIN MOLECULES, USEFUL FOR
IDENTIFYING CONJUGATED SYSTEMS AND DETERMINING CONCENTRATIONS.

INFRARED (IR) SPECTROSCOPY: IR SPECTROSCOPY EXAMINES MOLECULAR VIBRATIONS, ALLOWING US TO IDENTIFY
FUNCTIONAL GROUPS AND UNDERSTAND THE BONDING WITHIN MOLECULES.

NucLEAR MAGNETIC REsoNANCE (NMR) SPECTROSCOPY: NMR IS A HIGHLY VERSATILE TECHNIQUE THAT PROVIDES
DETAILED INFORMATION ABOUT THE ARRANGEMENT OF ATOMS WITHIN A MOLECULE, INCLUDING CONNECTIVITY AND
STEREOCHEMISTRY.

MAsS SPECTROMETRY: WHILE NOT STRICTLY SPECTROSCOPY IN THE TRADITIONAL SENSE OF LIGHT INTERACTION, MASS
SPECTROMETRY IS OFTEN DISCUSSED ALONGSIDE THESE TECHNIQUES. |T MEASURES THE MASS-TO-CHARGE RATIO OF
IONS, ALLOWING FOR THE DETERMINATION OF MOLECULAR WEIGHT AND FRAGMENTATION PATTERNS, WHICH AIDS IN
STRUCTURAL ELUCIDATION.

APPLICATIONS IN CHEMISTRY

SPECTROSCOPIC METHODS ARE INDISPENSABLE TOOLS IN PHYSICAL CHEMISTRY AND BEYOND. THEY ARE USED FOR:

DETERMINING THE STRUCTURE OF NEWLY SYNTHESIZED COMPOUNDS.

IDENTIFYING UNKNOWN SUBSTANCES.

STUDYING THE KINETICS AND MECHANISMS OF REACTIONS BY MONITORING CHANGES IN SPECTRAL FEATURES OVER TIME.
QUANTIFYING THE AMOUNTS OF DIFFERENT SUBSTANCES IN A MIXTURE.

INVESTIGATING INTERMOLECULAR INTERACTIONS AND CONFORMATIONAL CHANGES.

STATISTICAL MECHANICS: BRIDGING THE MICROSCOPIC AND MACROSCOPIC

STATISTICAL MECHANICS SERVES AS A BRIDGE BETWEEN THE MICROSCOPIC WORLD DESCRIBED BY QUANTUM MECHANICS AND THE
MACROSCOPIC PROPERTIES WE OBSERVE IN THERMODYNAMICS. |T USES PROBABILITY AND STATISTICS TO RELATE THE BEHAVIOR

OF A VAST NUMBER OF INDIVIDUAL ATOMS AND MOLECULES TO THE BULK PROPERTIES OF A SYSTEM, SUCH AS ITS TEMPERATURE

/

PRESSURE, AND ENTROPY. [T°S THE ULTIMATE WAY OF UNDERSTANDING HOW THE COLLECTIVE ACTIONS OF TRILLIONS OF TINY
PARTICLES LEAD TO THE PREDICTABLE BEHAVIOR OF EVERYDAY OBJECTS.



MICROSTATES AND MACROSTATES

IN STATISTICAL MECHANICS, A MICROSTATE REFERS TO A SPECIFIC CONFIGURATION OF A SYSTEM AT THE MOLECULAR LEVEL,
DETAILING THE POSITION AND MOMENTUM OF EVERY PARTICLE. A MACROSTATE, ON THE OTHER HAND, DESCRIBES THE BULK
PROPERTIES OF THE SYSTEM, LIKE ITS TOTAL ENERGY OR VOLUME. MANY DIFFERENT MICROSTATES CAN CORRESPOND TO THE
SAME MACROSTATE. STATISTICAL MECHANICS USES THE NUMBER OF ACCESSIBLE MICROSTATES TO PREDICT THE
THERMODYNAMIC PROPERTIES OF THE MACROSTATE.

PARTITION FUNCTION

THE PARTITION FUNCTION (Q) IS A CENTRAL CONCEPT IN STATISTICAL MECHANICS. |T'S A MATHEMATICAL EXPRESSION THAT
ENCAPSULATES ALL THE POSSIBLE ENERGY STATES OF A SYSTEM AND THEIR PROBABILITIES. FROM THE PARTITION FUNCTION, ONE
CAN DERIVE ALL THE MACROSCOPIC THERMODYNAMIC PROPERTIES OF THE SYSTEM, SUCH AS INTERNAL ENERGY, ENTROPY, AND
HEAT CAPACITY. IT'S ESSENTIALLY A SUMMARY OF THE SYSTEM'S THERMAL PROPERTIES.

BY APPLYING THE PRINCIPLES OF STATISTICAL MECHANICS, WE CAN GAIN A DEEPER, MORE FUNDAMENTAL UNDERSTANDING OF
WHY THE LAWS OF THERMODYNAMICS HOLD TRUE. |T ALLOWS US TO MOVE FROM EMPIRICAL OBSERVATIONS TO A THEORETICAL
FRAMEWORK THAT EXPLAINS THE UNDERLYING MICROSCOPIC BEHAVIOR. THIS FIELD IS CRUCIAL FOR UNDERSTANDING PHENOMENA
IN AREAS LIKE CONDENSED MATTER PHYSICS, SOLID-STATE CHEMISTRY, AND EVEN IN THE STUDY OF COMPLEX BIOLOGICAL
SYSTEMS.

THE CORE PRINCIPLES OF PHYSICAL CHEMISTRY OFFER A PROFOUND LENS THROUGH WHICH TO VIEW THE UNIVERSE, FROM THE
SMALLEST SUBATOMIC PARTICLES TO THE GRANDEST THERMODYNAMIC PROCESSES. UNDERSTANDING THESE FUNDAMENTAL
CONCEPTS EMPOWERS SCIENTISTS AND STUDENTS ALIKE TO NOT ONLY EXPLAIN EXISTING PHENOMENA BUT ALSO TO PREDICT AND
DESIGN NEW CHEMICAL PROCESSES AND MATERIALS. THE INTERCONNECTEDNESS OF THERMODYNAMICS, QUANTUM MECHANICS,
KINETICS, SPECTROSCOPY, AND STATISTICAL MECHANICS REVEALS A COHESIVE AND ELEGANT PICTURE OF HOW MATTER AND
ENERGY BEHAVE, DRIVING INNOVATION AND DISCOVERY ACROSS ALL SCIENTIFIC DISCIPLINES.
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